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INVESTIGATION ON STRUCTURAL, OPTICAL AND ELECTRICAL 
PROPERTIES AND BEHAVIOUR AGAINST GAMMA RADIATION OF 
Al:ZnO THIN FILMS PREPARED BY SOL-GEL SPIN COATING METHOD 
SUMMARY 
Thin films produced various methods have received considerable attention in recent 
years due to their properties that can be developed with the changeable process 
parameters, in many industrial areas. Zinc oxides (ZnOs) are widely accepted 
because of the advantages of low cost, resource availability, nontoxicity, and high 
thermal/ chemical stability and also doping process especially with Al can be 
enhanced electrical properties. 
In this study, Al doped ZnO thin films were prepared on soda lime silicate and 
borosilicate substrates by sol-gel spin coating technique and it has been aimed to 
investigate the optimum process parameters for deposition of the glasses. The effect 
of doping concentration, annealing temperature and atmosphere and spin speed on 
the structural, optical and electrical properties of the films was investigated. Also the 
effect of spin speed and annealing temperature on the film thickness was examined. 
Some of the samples were exposed to radiation by using the 137Cs source with the 
activity of 9.5 µCi and then optical properties were measured again. Optical 
properties of irradiated and unirradiated films were compared. Adhesion and haze 
test was performed to investigate the mechanical properties of the samples annealed 
at high temperature.  
It was seen that all samples have the (100), (002) and (101) difraction peaks. The (0 
0 2) diffraction peak intensity had a tendency to decrease with an increase in doping 
concentration. However the c-axis orientation along the (0 0 2) plane increases with 
increasing post-deposition heating temperature.   
The change of the film thickness depending on the annealing temperature was not 
considerable. The speed of the substrate affects the degree of radial (centrifugal) 
force applied to the liquid and so the thickness decreased as the spin speed increased 
from 1000 to 3000 rpm. 
Characteristis of the films were determined by tranmittance, absorbance and 
reflactance measurements in unirradiated and irradiated states. All unirradiated films 
exhibited high transmission in the UV and VIS ranges. After radiation, the 
transmittance of the films increased and so the absorbance decreased in the UV and 
visible ranges with the increase of annealing temperature from 450 to 550 oC. 
The resistivity variation of Al-doped ZnO films with different doping concentrations 
and annealing temperature and ambient was investigated. For all process parameters, 
the films showed the same tendency which the resistivity first decreased with 
increased Al concentrations and then with increase in the Al doping concentration 
above 1,2 at. %, the resistivity started to increase significantly. The minimum 
resistivity was obtained at a doping concentration of 1.2 at. %. But the resistivity of 
the film with 1,2 at.% Al pre-heated at 400 oC and annealed at 700 oC decreased 
 xiv
greatly. However the increase of the conductivity caused the decrease of 
transmittance.  
The films were annealed in oxygen, vacuum, nitrogen and argon atmospheres. The 
crystalization couldn’t be carried out for the films annealed in oxygen ambient. The 
best results of electrical properties was found for the films annealed in argon ambient 
because the argon gas supplied a completely inert ambient. Also the films annealed 
in argon atmosphere had the highest intensity of the (0 0 2) diffraction peak.  
Adhesion and haze test was evaluated to investigate the mechanical properties of the 
films. There wasn’t any cuts’ appearance on the surface of ZnO:Al film structure at 
the end of the adhesion test. So it may be said the adhesion resistance of ZnO with 
doping of 1,0 and 1,6 at.% Al annealed at 700 oC was fine. The haze test was 
performed before and after the adhesion test and it was observed the haze values of 
the films increased after the adhesion test. 
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SOL-GEL DÖNDÜREREK KAPLAMA ĐLE HAZIRLANAN Al:ZnO 
FĐLMLERĐN YAPISAL, OPTĐK, ELEKTRĐK ÖZELLĐKLERĐNĐN VE GAMA 
RADYASYONUNA KARŞI DAVRANIŞLARININ ĐNCELENMESĐ 
ÖZET 
Đnce filmler, çeşitli yöntemlerle üretilebilmeleri ve üretim prosesi boyunca çeşitli 
parametreleri değiştirilerek film kalitesinin daha iyi hale gelmesinin mümkün olması 
ile endüstrinin birçok alanında büyük önem kazanmaya başlamıştır. ZnO, düşük 
maliyetli oluşu, doğada fazla bulunması, toksik olmaması, kimyasal ve termal 
kararlılığının yüksek olması gibi birçok avantajından dolayı geniş ölçüde kabul 
görmüş bir malzemedir. Ayrıca özellikle Al ile yapılan katkılandırılma elektriksel 
özellikleri geliştirebilir. 
Bu çalışmada; Al katkılı ZnO filmler soda-kireç silika ve borosilikat taşıyıcılar 
üzerinde sol-gel döndürerek kaplama yöntemi ile hazırlanmıştır ve en uygun işlem 
parametrelerinin belirlenmesi amaçlanmıştır. Filmlerin yapısal, optik ve elektrik 
özellikleri üzerine katkı malzemesi konsantrasyonun, tavlama sıcaklığı ve tavlama 
atmosferinin ve döndürme hızının etkisi incelenmiştir. Ayrıca döndürme hızı ve 
tavlama sıcaklığının film kalınlığını nasıl etkilediği araştırılmıştır. Numunelerin 
bazıları 9,5 µCi aktiviteye sahip 137Cs kaynağı kullanılarak radyasyona maruz 
bırakılmış ve optik özellikleri tekrar incelenmiştir. Radyasyona maruz kalan filmlerle 
radyasyonsuz filmlerin optik özellikleri mukayese edilmiştir. Mekanik özelliklerini 
incelemek amacıyla yüksek sıcaklıkta tavlanan filmlerin yapışma ve pusluluk testleri 
yapılmıştır. 
Bütün numunelerin (100), (002) ve (101) düzlemlerinde pik verdiği görülmüştür. 
(002) difraksiyon pikinin şiddeti Al konsantrasyonunda ki artışla düşmüştür. Diğer 
taraftan tavlama sıcaklığının artmasıyla da pik şiddeti artmıştır. 
Tavlama sıcaklığına bağlı olarak film kalınlığında dikkate değer bir değişim 
olmamıştır. Taşıyıcının dönmesi sıvıya uygulanan merkezkaç kuvvetinin derecesini 
doğrudan etkiler ve bu nedenle döndürme hızının 1000’den 3000 devir/dakika olması 
ile film kalınlığı azalmıştır. 
Filmlerin karakteristiği geçirgenlik, soğurma ve yansıtmalarının ölçülmesiyle 
belirlenmiştir. Radyasyonsuz tüm numuneler mor ötesi ve görünür bölgede yüksek 
geçirgenlik göstermiştir. Radyasyona maruz bırakıldıktan sonra, tavlama sıcaklığının 
450’den 550 oC’ye artmasıyla birlikte, mor ötesi ve görünür bölgede ki geçirgenlikler 
düşmüş ve dolayısıyla soğurma artmıştır. 
Al konsantrasyonuna ve tavlama sıcaklığı ile tavlama atmosferine göre Al katkılı 
ZnO filmlerin özdirenç değerlerinde ki değişim incelenmiştir. Tüm işlem 
parametreleri için filmler aynı eğilimi göstermiştir. Özdirenç değerleri Al miktarının 
artması ile ilk önce düşmüştür ve daha sonra tekrar artmaya başlamıştır. En düşük 
özdirenç değeri % 1,2 atomik katkılı Al konsantrasyonunda elde edilmiştir. Fakat 
400 oC’de ön ısıtma yapılan ve 700 oC’ de tavlanan numunelerin özdirenç değerleri 
büyük oranda düşmüştür. Bununla birlikte iletkenlikte ki artış geçirgenliğin 
düşmesine neden olmuştur.  
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Filmler oksijen, vakum, azot ve argon atmosferlerinde tavlanmıştır. Oksijen 
ortamında tavlanan filmlerde kristal yapı elde edilememiştir. Elektrik özellikleri 
açısından en iyi sonuçlar argon atmosferinde tavlanan numunelerde elde edilmiştir 
çünkü argon gazı tamamen inert bir ortam sağlamaktadır. Ayrıca argon atmosferinde 
tavlanan filmlerin (002) düzlemindeki pik şiddeti en yüksektir. 
Filmlerin mekanik özelliklerini incelemek için yapışma ve pusluluk testleri 
yapılmıştır. Yapışma testi sonucunda film yüzeyinden herhangi bir kopma 
olmamıştır. Bu nedenle atomik olarak % 1,0 ve 1,6 Al ile katkılandırılmış ve 700 oC 
‘de tavlanmış filmlerin yapışma direncinin oldukça iyi olduğu söylenebilir. Yapışma 
testinden önce ve sonra pusluluk testi yapılmıştır ve % pusluluk değerlerinin yapışma 
testinden sonra arttığı görülmüştür. 
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1. INTRODUCTION 
Transparent conducting oxides (TCO) are normally thin films, with thicknesses 
between 10 nm and 1 µm [1]. TCO layers have been studied extensively because of 
their broad range of application such as transparent electrodes in flat panel display 
(FDP) and in photovoltaic devices, touch panels in optoelectronic devices and thin 
film solar cells [2-5]. For display applications with high quality, the TCO films 
should have high optical transmittance in the visible region and high electrical 
conductivity [3].  SnO2 (undoped and doped) and Indium tin oxide (ITO) has been a 
predominant TCO used for many years mainly for the flat panel display such as 
liquid crystal display (LCD), plasma displays (PDP) and organic light-emitting 
devices (OLEDs) [2,6,7]. However, zinc oxides (ZnOs) are widely accepted as 
substitutes for ITO because of the advantages of low cost, resource availability 
(about a factor of 1,000 more abundant than indium), nontoxicity, and high thermal/ 
chemical stability [2-4]. Undoped ZnO usually presents a high resistivity due to a 
lower carrier concentration. Enhancement of the electrical properties of TCOs, 
specifically conductivity, can be achieved by increasing either the carrier 
concentration or the carrier mobility. Aluminum (Al), indium (In), and gallium (Ga) 
have been reported as effective dopants for zinc oxide-based TCO films [2]. Zinc 
oxide is one of the versatile and technologically interesting semiconducting materials 
because of its typical properties such as resistivity control, transparency in the visible 
range, high electrochemical stability and good adhesion to substrate. It crystallises in 
a wurtzite structure and exhibits n-type conductivity due to residual donors [8,9]. 
ZnO normally forms in the hexagonal structure with a=3.25 Å and c=5.12 Å; each 
Zn atom is tetrahedrally coordinated to four O atoms, where the Zn d-electrons 
hybridize with the O p-electrons; layers occupied by zinc atoms alternate with layers 
occupied by oxygen atoms [10]. Stoichiometric ZnO films are highly resistive, but 
less resistive films can be made either by introducing oxygen vacancies which act as 
donors or by doping with group III elements as Al, Ga or In. ZnO is one of the 
semiconductors having good chemical stability against hydrogen plasma and suitable 
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for photovoltaic applications because of its high-electrical conductivity and optical 
transmittance in the visible region of the solar spectrum, which is primarily important 
in solar cell fabrications. Thin films of ZnO can be used as a window layer and also 
as one of the electrodes in solar cells. Along with this application, ZnO thin films 
have been used in varistors, gas sensors, solar cell transparent contact fabrication, 
etc. It is a native n-type wide bandgap semiconductor (Eg ~ 3.3 eV at room 
temperature), where its electrical conductivity is mainly due to oxygen vacancies or 
zinc excess at the interstitial position. Moreover, ZnO is attractive due to its large 
exciton binding energy of ~ 60 meV. This large exciton binding energy provides 
excitonic emission more efficiently even at high temperature. Also, zinc oxide thin 
films with the c-axis orientation perpendicular to the substrate show piezoelectric 
properties and are useful in surface acoustic wave devices (SAW) and 
microelectromechanical systems (MEMS) [11]. Due to the various attractive 
properties for practical applications of ZnO, there have been much attention paid on 
the fabrication of ZnO films in recent years [3,8].  
Al-doped zinc oxide films can be prepared by numerous techniques such as radio-
frequency magnetron sputtering, chemical vapor deposition, reactive deposition or 
CVD, spray pyrolysis, and thermal evaporation. However, these techniques require 
sophisticated instruments and/or a high-temperature deposition. Therefore, if highly 
conductive and transparent AZO films could be made with an inexpensive deposition 
technique, the films could be a potential low-cost alternative to the widely used tin-
doped indium oxide (ITO) [12-16]. In this respect, deposition processes based on 
sol–gel chemistry would offer the possibility of large area coating and intimate 
mixing of the starting materials which results in high degree of film homogeneity, 
permitting also the tailoring of the microstructure properties, i.e. the pore size, pore 
volume and surface area of the film, from the chemistry of the sol-gel synthesis, yet 
do not incur high capital equipments [12,14-16]. The other advantages are excellent 
compositional control, homogeneity on molecular level due to the mixing of liquid 
precursors and lower crystallization temperature [16-17] and it’s a simplicity and 
repeatability method.  
Most of the work has been done on AZO thin films deposited mainly by physical 
methods. Coatings with satisfactory electrical conductivities have been successfully 
deposited by sputtering. On the other hand, one order low values are reported for the 
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sol–gel coated films. However, the reasons for these low conductivity values as well 
as the dependence of the electrical properties on the preparation technique have not 
been elucidated, probably because of the complex structure of zinc oxide and the 
number of parameters involved even for a single film processing technique 
[12,14,15]. On the other hand, the nanoparticles which are produced by this route 
show good optical properties. But this can be achieved only by good control of the 
size and morphology of the particles [18]. Also in several studies it was shown that 
the opto-electrical properties could be considerably improved by optimized 
deposition conditions and doping [12,14,15].  
A well-known wide-band gap wurtzite structured zinc oxide with four-fold 
tetrahedral coordination lies in the border between ionic and covalent 
semiconductors. Recently pure and doped zinc oxide films have been rediscovered as 
a subject of considerable interest in research due to their physical properties and a 
wide range of possible applications. A special care is directed to optical and 
magnetic memory devices, blue light emitting diodes, solar cells and sensors. Also 
nanoparticles or quantum dots have received considerable attention due to the 
quantum phenomena resulting from an increase in band gap[19]. 
Also AZO thin films have been considered as suitable anodes because ZnO thin films 
are more stable in reducing ambient, more abundant, and less expensive in 
comparison with the ITO films which make them appropriate for potential use as 
anodes in OLEDs [7,20]. Since ZnO thin films are large bandgap oxide 
semiconductors with a large excitonic binding energy and a high chemical 
stabilization, their noble physical properties have stimulated applications in many 
promising optoelectronic devices, such as flat-panel displays. Since the utilization 
possibility of AZO thin films grown on glass substrates as anodes in OLEDs is 
strongly affected by the electrical, the optical and the electronic properties, 
systematic studies concerning those properties are very important for improving the 
efficiencies of OLEDs (Organic Light Emittind Diodes) [20,21]. 
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2. PROPERTIES OF Al DOPED ZnO THIN FILMS 
2.1 Electrical Properties 
The Zinc oxide (ZnO) is a degenerate n-type semiconductor. Its n-type electrical 
conductivity is due to deviations from the stoichiometry resulting from oxygen 
vacancies and interstitial zinc, giving rise to a shallow donor level just below the 
conduction band [22]. The electrical and optical properties were closely related to the 
processing conditions [23].For ZnO films, this is commonly achieved by adding 
aluminum, gallium or boron, although doping by fluorine has also been reported 
[24]. The electrical behavior of ZnO thin films could be improved by replacing Zn2+ 
atoms by elements with higher valence such as In3+ , A13+ and Ga3+ . Besides that is 
also observed an improvement on the stability of the films. Higher mobilities can be 
achieved at lower doping levels [22-24]. The reported resistivities vary from 7×10−4 
to 10 Ω cm whereas the reported resistivities of sputtered films are as low as 1×10−4 
Ω cm. In several studies, it was also shown that the electrical properties of AZO thin 
films could be obviously improved by optimized deposition conditions. Additionally, 
the opto-electrical properties of AZO thin films could be modified by thermal 
treatment in a reducing atmosphere. ZnO films with strongly preferred orientation 
and that better electrical and optical properties had been obtained in reducing 
atmosphere [25-26].It is known that pure ZnO thin films are not chemically stable in 
corrosive media, but aluminium stabilizes the ZnO system and increases its electrical 
conductivity [27]. Also ZnO:Al thin films with high c-axis orientated crystalline 
structure along (0 0 2) plane can reduces the electrical resistivity due to an increase 
in carriers mobility by reducing the probability of the scattering of the carriers at the 
grain boundary [28]. 
2.2 Optical Properties 
ZnO thin films are technologically important due to their range of optical properties, 
which make them suitable for a variety of applications. The optical transmittance of 
ZnO and ZnO: Al thin films in the UV, VIS and NIR ranges and electrical 
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conductivity are both shown to be high [29]. The ZnO: Al thin films are very 
transparent (~90%) in the near UV, VIS and IR regions. The ZnO thin films prepared 
by sol-gel technique show high optical transmittance (85 – 90%) in the near UV, VIS 
and IR regions [27]. The optical properties of ZnO were mainly affected by a surface 
morphology and the change of the optical energy band gap followed heavy doping 
[25]. The application of Al doped ZnO films in terrestrial solar cells requires 
bandgaps exceeding 3 eV and a low concentration of defects. Undoped zinc oxide 
has bandgaps of 3.4 eV. High doping levels result in an enhanced absorption, in 
particular, in the near infrared region which can be attributed to free carrier 
absorption. Note that high doping levels also affect the optical constants significantly 
leading to a widening of the optical bandgap in highly doped ZnO: Al [24]. 
2.3 Structural Properties 
Nanostructural ZnO providing a different shape and higher surface area might exhibit 
some interesting physical and chemical properties unattainable by other 
nanostructures. There have been several reports on the growth of highly quality ZnO 
samples doped with Al, Sn and In. In cases of ZnO with different dopants, the 
morphology is modified either by thermal treatment in a reducing atmosphere or by 
the concentration and the type of dopants with an appropriate doping process [25,30]. 
Both the pure and Al doped ZnO samples are (0002) oriented. Undoped ZnO 
samples posses film-like morphology where as Al doping resulted in the formation of 
disconnected spherical grains [30].  
AZO colloidal precursor sols were prepared through a non-alcoxide sol–gel route. 
Acetylacetone, diethanolamine or monoethanolamine can be used as a stabilizer and 
they affect the homogeneity of the AZO films at a microscopic level as attested by 
AFM analysis. AZO- acetylacetone films have larger particles in comparison with 
AZO-  diethanolamine samples, which is correlated with the shift in the UV 
maximum emission wavelengths [31]. 
Specially, ZnO: Al thin films with high c-axis orientated crystalline structure along 
(0 0 2) plane are potential device applications in broadband UV photodetectors with 
high tunable wavelength resolution [32]. 
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2.4 Mechanical Properties 
The mechanical properties and tribological behavior of the film are critical since they 
will affect the functions and durability of the films. It has been demonstrated that 
lubricious and good wear resistance of ZnO films can be achieved by controlling the 
fabrication condition. Annealing process has been reported as an effective method to 
change the texture of ZnO films as well as the optical and electrical properties of 
ZnO films, which are mainly dependent on oxygen vacancies or zinc excess at the 
interstitial position. There are several intrinsic defects in ZnO film including 
interstitial oxygen, interstitial zinc, oxygen vacancy, zinc vacancy, and antisite 
defects. Among these defects, it has been reported that zinc interstitial and oxygen 
vacancy are predominant in ZnO films. Also, the number of these defects are known 
to be highly dependent on the annealing temperature [33]. 
Conventional testing tools are not longer suitable for the evaluation of mechanical 
properties of Al: ZnO thin films. Alternately, nanoindentation and nanoscratch tests 
have been widely applied for the measurement of the mechanical properties of thin 
films. Besides hardness and elastic modulus, more information such as yielding stres 
and fracture toughness can be extracted to reveal more representative mechanical 
properties of thin films [34]. Nanoindentation can measure the mechanical properties 
of thin films such as hardness, fracture toughness and interfacial adhesion, the 
hardness can be readily extracted directly from the load–displacement curve. Since 
the depth solution is on the order of nanometers, it is possible to indent even very 
thin films (100 nm) [35]. Moreover, the nanoindentation and nanoscratch tests are 
also promising to determine interface adhesion strength through film delamination. 
Thus, by analyzing the load-displacement curve obtained from nanoindentation test, 
the mechanical deformation behavior of the solid film can be better understood [33]. 
From the load-penetration depth curves of nanoindentation tests of AZO films, it was 
found that, under small indentation depths below 15 nm, the loading curves matched 
to the elastic unloading curves in accordance with a “Hertzian elastic relation”, 
indicating the elastic deformation of the AZO films. Beyond the depth, the curves 
began to deviate from the “Hertzian response”, and the permanently plastic 
deformation of the AZO films was expected to occur [34]. 
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Nanoindentation introduced localized mechanical deformation to AZO films, and 
shear stresses began to accumulate at the interface between the AZO films and glass 
substrates due to strain mismatches. Once the accumulated stresses exceeded 
interface adhesion strength, the interface would then delaminate [34]. 
By using the following equation, the fracture energy release rate Gc, i.e. the adhesion 
energy per unit area, for interface delamination between AZO films and substrates 
can be then obtained [34]. 
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where σrx is the stress acting on the AZO films, equal to P/A (P: applied load, A: 
contact area). The thickness t of the films is about 500 nm, and the elastic modulus 
Ef is 110 GPa. The υf denotes the Poisson's ratio, approximate 0.3 [34]. 
 
Figure 2.1 : This is a scheme of fracture point which occurs the moment the 
                         AZO films and substrate separate [35]. 
By using the following equation and introducing critical scratch track widths dc as 
the interface delaminated, the critical stresses σc for interface delamination (adhesion 
strength) between AZO films and substrates [34]. 
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in which µ is the measured friction coefficient of indenter sliding given by the 
nanoscratch tester as about 0.035. Afterwards by using the following equation, with 
the thickness t and elastic modulus Ef of the AZO films, the fracture energy release 
rates Gc for the interface delamination (adhesion energy) between the films and the 
substrates [34]. 
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Also the residual stress in dielectric films is a physical quantity of paramount 
importance for microelectronic and optical applications. The stress is, first, a key 
parameter governing the cracking and decohesion of thin films, and second, an 
accurate witness of the material structural evolution [36]. 
2.5 The Behaviour of The Al:ZnO Thin Films Against The Radiation 
The electrical and optical properties of ZnO are very resistant to deterioration under 
irradiation. Effects of gamma-ray on the optical properties of the light transmissive 
material are important, since they are related to the formation and the accumulation 
of radiation-induced defects and the existence of characteristic color-centers [37]. It 
has been observed that the interaction of gamma-rays with glass results in profound 
structural changes, affecting the optical and physical properties of the material [39]. 
AZO films are known as n-type directband-gap semiconductors with optical 
transparency and AZO has been extensively studied for applications to transparent 
conductive films such as electrodes of solar cells and displays. For these 
applications, high electrical conductivity and high transparency in the visible region 
are desired [41]. Recently, a drastic increase has been observed in the conductivity of 
AZO films by irradiation of both low-energy and high-energy ions, and low-energy 
ion irradiation followed by annealing. It has been suggested that the conductivity 
increase originates from enhancement of both the carrier density due to replacement 
of Zn site by Al and mobility by ion irradiation [40]. It is also reasonably assumed 
that the elastic energy loss is responsible for the conductivity increase by low-energy 
ions [41] .  
Furthermore UV light irradiation improve the film crystallinity and decrease the film 
resistivity of ZnO:Al. The irradiation of UV light causes both carrier concentration 
and Hall mobility to increase, showing decreased defects in the film [42]. 
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3. LITERATUR SURVAY ON Al DOPED ZnO THIN FILMS PREPARED BY 
SOL-GEL SPIN COATIN METHOD 
The sol–gel process is based on hydrolysis and policondensation reactions [43]. The 
traditional sol–gel process drives the evolution of inorganic networks through the 
formation of a colloidal suspension (sol), and gelation of the sol to form a network in 
a continuous liquid phase (gel).  Following spin or dip coating, post-deposition 
thermal treatment consolidates the network forming a continuous oxide phase. 
Multiple layers can easily be added leading to densification and improvement in 
properties. The precursors for synthesizing these colloids consist of a metal or 
metalloid element surrounded by various reactive ligands [44]. Generally, two 
principal routes to obtain oxide thin films are used: the alkoxide route, using organo-
metallic precursors often expensive and dangerous and the nonalkoxide route, using 
water or alcohol solutions of metal salts such as acetates, nitrates or chlorides [38]. 
Precursors usually are dissolved in alcoholic solutions having a targeted initial pH. 
Slow hydrolysis produces an extended oxide network that is transferred to a cleaned 
substrate by dipping or spin casting procedures [44]. The decomposition reaction of 
the precursor and the evaporation of residual organics in gel films are fundemental to 
obtain oxide thin films. So the films are pre-heated after each coating. The pores in 
the surface were partly formed by the coalescence of microvoids. It indicates that the 
pores in the surface are related with elimination organic component in the film [16]. 
On the other hand, it is well known that the chemical composition affects the 
characteristics of the films and several other physical properties [43]. 
Spin coating is the preferred method for application of thin, uniform films to flat 
substrates. The coating material is deposited in the center of the substrate either 
manually or by a robotic arm. The substrate is then rotated by spinning at a rate that 
is between 500 and 9000 rpm. The physics behind spin coating involve a balance 
between centrifugal forces controlled by spin speed and viscous forces which are 
determined by solvent viscosity. After dropping the coating solution onto the 
substrate, the degree of coating is also controlled by the centrifugal force derived 
from the rotation perpendicular to the substrate.  Rotation is continued for some time, 
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with fluid being spun off the edges of the substrate, until the desired film thickness is 
achieved. As described above, the spin coating method, distinctively compared to the 
conventional physical and chemical method, is a quite simple and effective way of 
making thin films with varying its thickness by just controlling parameters such as 
the time and speed of rotation as well as the viscosity and the density of the coating 
solution. But the spin coating method was thought not to be applicable to making 
metal films, because the precursors of the metals can be difficult to be formed in 
liquid state. 
Sol–gel method is widely used to obtain various kinds of functional oxide films, 
including ZnO and doped ZnO thin films with preferred c-axis orientation. The main 
factors affecting the sol–gel film microstructure and properties are: solution chemical 
equilibrium (chemical composition, dopant and solution concentration, pH, order-
time-temperature of reagents mixing), substrate– film interaction during film 
deposition (sol viscosity, withdrawal speed and dipping number, spinning speed and 
spinning number) and thermal processing of the as-deposited gel film (time and 
temperature of preheating between each layer deposition, time-temperature-
atmosphere of postheating, time-temperatureatmosphere of final annealing)  [38]. 
3.1 Sol-Gel Process Parameters 
3.1.1 Effect of annealing temperature 
The films possess the crystalline size of nanometer order having uniform and dense 
microstructure. It is reported that the crystalline size increases with increasing post-
deposition heating temperature [16]  .  
Furthermore the grain size of sol–gel-derived films enlarge with the increasing 
annealing temperatures, which can be understood by considering the merging process 
induced from thermal treatment. For ZnO nanoparticles, there are many dangling 
bonds related to the zinc of oxygen defects at the grain boundaries. As a result, these 
defects are favorable to the merging process to form larger grains while increasing 
the annealing temperature [7,45].  
Once annealing temperature increases, the grains become larger and densely packed. 
As expected, XRD analysis underestimates the mean grain size. Cracks are also 
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observed in the films, and the formation of cracks probably originates from the 
different thermal expansio coefficients of the ZnO film and the substrate [7].  
Thermogravimetric Analysis (TGA) is a type of testing that is performed on samples 
to determine changes in weight in relation to change in temperature. Such analysis 
relies on a high degree of precision in three measurements: weight, temperature, and 
temperature change. TGA is commonly employed in research and testing to the level 
of inorganic and organic components in materials, decomposition points of solvent 
residues. Differential thermal analysis ( DTA) is a thermoanalytic technique, similar 
to differential scanning calorimetry. A DTA curve provides data on the 
transformations that have occurred, such as crystallization and changes in the sample, 
either exothermic or endothermic. So TGA and DTA provide to control the heat 
treatment parameters.  
Solution chemistry, such as the type and the concentration of the starting precursor 
materials, the solvent, and the chemical additives, is considered to obtain ZnO films 
with good crystallinity. MEA and DEA chelating agents that are used to improve the 
solution stability by preventing rapid reaction between metal alkoxide and water 
molecules. Although alkanolamine is often added as a chelating agent to improve the 
homogeneity of the ZnO chemical solution and to increase the solubility of Znacetate 
against humidity from its surroundings. To obtain the strong c-axis oriented structure 
and good crystallization affect directly electrical, structural and optical properties of 
AZO thin films [46].  
So Sang Hoon Yoon et. al. investigated the crystallization behavior of sol-gel 
processed ZnO films depending on types of chelating agents that was used DEA 
(diethanolamine) and MEA (monoethanolamine) to understand the interrelationships 
between these controllable parameters and their relative importance on the 
crystallization behavior. To evaluate the bonding characteristics of the final precursor 
solutions depending on types of chelating agents, differential scanning 
calorimeter/thermo-gravimetric (DSC/TG) analysis was carried out as shown in 
Figure 3.1 [46]. 
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Figure 3.1 : (a) DSC and (b) TG curves obtained from the 0.5 M ZnO 
        precursors depending on the chelating agents [46]. 
The DSC curve of the MEA-chelated precursor shows endothermic peaks at around 
115, 235, and 305 oC corresponding to the evaporation of water molecules, 2-
methoxyethanol, and strongly bound organic compounds remaining in the precursor, 
respectively. The total weight loss of the MEA chelated precursor was about 65% 
and the most weight loss occurred below 300 oC. In the case of the DEA-chelated 
precursor, peaks of the DSC curve appeared at 130, 250, and 335 oC, which are 
associated with the evaporation of water, solvents, and other organic compounds, 
respectively. The total weight loss for this solution was approximately 60% and 
occurred until 420 oC. Thus, TG/DSC results show that the crystallization of ZnO 
films derived by DEA-chelated solution will occur at a higher temperature than those 
derived by MEA-chelated solution. Additionally, ZnO films derived by MEA-
chelated solution will be contracted at a higher degree due to its high weight change 
during heat treatment. Consequently, it is believed that the thermal behaviors of the 
two solutions are apparently strongly influenced by the type of chelating agent [46].  
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The fact that the peaks of the DEA-chelated precursor shift to higher temperature and 
that the weight loss of DEA-chelated solution is lower than that of the MEA chelated 
solution may demonstrate that the DEA-chelated solution has a stronger chemical 
bonding to Zn2+ ions compared with that of MEA. Moreover, considering the melting 
point of the chelating agents, DEA, whose boiling point is 270 oC, may promote a 
higher degree of polymerization compared with MEA (boiling point = 170 oC). 
Different degrees of polymerization due to the molecules of the chelating agent can 
affect the crystallization process, which is the transformation of gels or substances in 
an amorphous pyrolyzed state to crystalline piezoelectric materials. This can be 
explained in terms of a nucleation and growth process. The addition of chelating 
agents increases the bonding force of the gel, which can increase the energy barrier 
for nucleation and growth barrier for crystallization. Since DEA forms stronger 
bonds compared with that of MEA in gels and/or pyrolyzed structures, the 
crystallization from a DEA-chelated precursor solution may demand a higher 
nucleation barrier as described in Figure 3.2 [46]. 
 
Figure 3.2 : Schematic diagram of the free energies for ZnO crystallization 
               from the MEA and DEA-chelated precursor solutions [46]. 
Lower energy barriers for MEA solution systems may facilitate the c-axis growth of 
ZnO, which is the lowest energy direction of the ZnO material, irrespective of the 
surface configuration of the substrate. On the other side, the crystallization of ZnO 
films from a DEA-chelated precursor solution can be hindered by the higher energy 
barrier needed for crystallization. Therefore, the crystallization can be promoted only 
when the lattice between the ZnO and the substrate matches by reducing the elastic 
strain energy attributable to the energy barrier. This result can explain that undoped 
or Al doped ZnO films prepared by an MEA-chelated solution system show stronger 
degree of c-axis orientation on glass substrates than the DEA system [46].  
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The change of the gel structure induced by modifying molecules of the solution by 
incorporating a chelating agent can explain the observed tendency of their 
crystallization behaviors. This result clearly demonstrates the importance of the 
chelating agent on the crystallographic orientation and crystallization behavior of 
ZnO films [46].  
Minrui Wang et. al. reported that the possible zinc copolymer (Zn4O(COOCH3)6 and 
ZnNH(C2H4O)2) were formed in precursor sol and gradually decomposed when the 
precursor thin films were heated from 120 to 400 oC according to the TGA results as 
shown in Figure 3.3. At the heating temperature over 450 oC, the peaks of the zinc 
copolymer around disappeared. The existence and decomposition of the zinc 
copolymer in sol–gel process may influence the density and the roughness of the 
ZnO thin film. This supports the experimental results of high preheating temperature 
and low annealing temperature benefiting the high density, better roughness and 
small grain size ZnO thin film.  
The preheating and annealing temperatures influence the preferred (0 0 2) c-axis 
orientation, residual stress, grain size and resistivity of the ZnO films. The c-axis 
orientation is stronger as the annealing temperature increases, and it is weaker after a 
certain temperature when the ZnO films are preheated at the same temperature. The 
preferred c-axis orientation is formed at low annealing temperature if high preheating 
temperature is used [47]. 
 
Figure 3.3 :  TGA–SDTA curves of ZnO precursor sol [47]. 
In an other study, Masahiro Toyoda et al. also reported that the DTA curve had 
exothermic peaks, which correspond to pyrolysis of organic residues and formation 
of crystals. The two sharp exothermic peaks found at approximately 142 and 218 oC, 
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respectively, appear to be associated with pyrolysis of organics. An exothermic peak 
at 218 oC may correspond to burnout of the nitrato complexes and crystallization. So 
they stated ZnO thin films began to crystallize at about 200 oC [48].  
However if the film transformed directly from an organic free amorphous state to a 
crystalline phase is supplied, the thin films exhibite a preferred growth of ZnO 
crystals along c-axis perpendicular to the Si substrate surface and a very uniform 
surface was obtained at 400 oC. Also It was assumed that the use of Zn(NO3) 2 as a 
starting material contributes to low temperature crystallization of ZnO by promoting 
structural relaxation [48].  
Also Sung Kim and Weon-Pil Tai had similar results about the relation between post 
heating temperature and crystal structure. They reported that the c-axis orientation 
along the (0 0 2) plane increases with increasing post-deposition heating temperature. 
All the AZO films have a preferred orientation along the (0 0 2) plane, and no Al 
peaks are detected [16].  
In the preparation of ZnO films, the oriented crystal growth of the films is affected 
by solvent type, preheating temperature and post-deposition heating temperature. The 
post-deposition heating temperature greatly affected the crystal orientation of the 
ZnO films fabricated by spin-coating. They concluded that the films possess the 
crystalline size of nanometer order having uniform and dense microstructure. SEM 
images in Figure 3.4 showed that the crystalline size increases with increasing post-
deposition heating temperature from 500 to 700 oC. The preferential orientation 
along the (0 0 2) plane was enhanced with increasing post- deposition heating 
temperature and the surface of the films showed a uniform and nano-sized 
microstructure [16]. 
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(a)                                           (b)                                            (c) 
        
(d)                                          (e) 
 
Figure 3.4 : SEM micrographs of Al-doped ZnO films post-heated at various 
                        temperatures of (a) 500 oC, (b) 550 oC, (c) 600 oC, (d) 650 oC 
                        and (e) 700 oC  [16]. 
On the other hand, Shou-Yi Kuo et. al. reported that the sol–gel spin coated (rotated 
at 3000 rpm for 30 s)-derived ZnO:Al films developed without the formation of 
secondary phases and clusters such as Al2O3 and amorphous ZnO according to the 
XRD results. The intensity of the (0 0 2) diffraction peak increases when the 
annealing temperature rises up to 850 oC [7].   
The results imply that the grain size of sol–gel-derived films enlarge with the 
increasing annealing temperatures, which can be understood by considering the 
merging process induced from thermal treatment. For ZnO nanoparticles, there are 
many dangling bonds related to the zinc of oxygen defects at the grain boundaries. 
As a result, these defects are favorable to the merging process to form larger grains 
while increasing the annealing temperature  [7,45].  
When the annealing temperature increases, the grains become larger and densely 
packed. As expected, XRD analysis underestimates the mean grain size. Cracks are 
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also observed in the films, and the formation of cracks probably originates from the 
different thermal expansion coefficients of the ZnO film and the substrate [7].  
ZnO offers a wide variation in the conductivity from 104 to 10−8 Ω−1cm−1 depending 
upon the Al dopant concentration of the film and the growth kinetics. The electrical 
conduction in doped ZnO films above room temperature has been attributed to 
thermal excitation of electrons from the donor levels originating from native defects 
or impurity atoms. In general, the electrical conductivity of a semiconductor is 
strongly temperature dependent and a spread of activation is observed due to creation 
of defects levels. The over all variation in conductivity can be understood in terms of 
substitutional doping of Al3+ at the Zn3+ site creating one extra free electron in the 
conduction band thereby increasing the conductivity [49].  
Z.Q. Xu et. al. performed the deposition of Al:ZnO thin films by spin coating 
technique on the glass substrate. The spin speed and time was 4000 rpm and 30 s. As 
a starting material, zinc acetate dihydrate was used. 2-Methoxyethanol and 
monoethanolamine (MEA) were used as a solvent and stabilizer, respectively and the 
dopant source was aluminum nitrate. The films were preheated at 300 oC for 15 min 
and post-heated at 530 oC for 1 h. They reported that the resistivity of films was 
roughly inversely proportional to the annealing treatment temperature up to 530 oC. 
However, the resistivity of film heated at 550 oC increased. From the temperature 
dependence of d.c. conductivity, the electron conduction was confirmed to be due to 
transport in the conduction band at temperatures above 530 oC [28].  
In general, as the annealing temperature increases, the resistivity of Al doped ZnO 
films decreases because the crystallinity is enhanced. In addition, the major carrier of 
Al doped ZnO thin films is the excess metal ions, while in the case of pure ZnO the 
electrons due to oxygen vacancies or zinc interstitials are not very effective because 
of oxygen adsorption. When the annealing treatment is performed, the carrier’s 
concentration may increase by desorption of oxygen in the grain boundaries, which 
act as traps for the carriers. It could partly contribute to the decrease in resistivity 
[28].  
The film resistivity gradually decreased with increase in annealing temperature, 
because of improvement in the crystallinity of the films. However, the resistivity 
increased mildly because the decrease of the carrier concentration might be 
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controlled because of decreasing defects that produce donor levels, as a result, 
decomposition and oxidation of the precursor films became more active, and a better 
stoichiometry of the ZnO films was formed, rather than the change of the mobility 
with the annealing temperature (Figure 3.5). 
 
Figure 3.5: Resistivities of Al-doped ZnO thin films as a function the 
                             annealing temperature [28].          
Y. Natsume and H. Sakata performed undoped ZnO thin films by the sol-gel process 
using the spin-coating method that the solution was dropped on the substrates 
rotating with 3000 rpm for 20 s. The film resistivity gradually decreased with an 
increase in annealing temperature up to 525 oC. The resistivity then increased when 
the temperature changes from 525 up to 575 OC. Thus, a minimum film resistivity of 
28,2 Ω cm was obtained at 525 OC. Resistivities of Al-doped ZnO thin films as a 
function of the the annealing temperature is similar to the report by Z.Q. Xu et. al. 
But in this study, the minimum resistivity of 6.2x10-4 Ω cm was obtained at a doping 
concentration of 1.5 mol.%. So enhancement of the electrical properties of Al:ZnO 
thin films is possible with suitable doping [50].  
Jin-Hong Lee and Byung-Ok Park suggested that the use of 2-methoxyethanol and 
MEA, solvents with high boiling point, resulted in transparent ZnO films with 
strongly preferred orientation and that better electrical and optical properties had 
been obtained in aluminum doped ZnO thin films heated in reducing atmosphere. 
Also as a starting material, zinc acetate dihydrate (Zn(CH3COO) 2.2H2O) was used. 
They used zinc acetate dihydrate as a starting material, and methoxyethanol and 
monoethanolamine as the solvent and stabilizer, respectively and the dopant source 
was aluminum chloride. After depositing by spin coating at an r.p.m. of 3000 rpm for 
30 s, the films were dried at 350 oC for 10 min over a hot plate to evaporate the 
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solvent and remove organic residuals and the films were fired in air at 600 oC for 1 h 
(the first-heat treatment), followed by annealing in nitrogen with 5% hydrogen at 500 
oC for 1 h (the second-heat treatment). They reported that the electrical resistivity 
values of films decreased after applying a second-heat treatment in a reducing 
atmosphere [25].  
It is well known that the n-type conductivity in non stoichiometric ZnO is due to 
interstitial zinc atoms and oxygen vacancies. Since the electrical conductivity of ZnO 
is directly related to the number of electrons, electrons formed by the ionization of 
the interstitial zinc atom and the oxygen vacancies affect the electrical conductivity 
of ZnO crystals. This is because the oxygen vacancies formed by oxygen annihilation 
from the ZnO crystals via the annealing process in a reducing atmosphere. In 
addition, when the second heat treatment is performed in a reducing atmosphere, the 
carrier’s concentration may increase by desorption of oxygen in the grain boundaries 
which act as traps for the carriers [25].  
Also Y. Sobajima et. al. performed AZO thin films by sol-gel spin coating method 
and the sol was prepared with the same materials that was used by Jin-Hong Lee and 
Byung-Ok Park. Also they had the similar results of resistivity. But they performed 
an other heat treatment that the films were oxidized in air by an annealing process in 
a conventional furnace for 1 h at 550 oC. Finally, rapid thermal annealing was carried 
out in a quartz tube in vacuum (the pressure: 4x10-6 Torr) for 5 min. The rapid 
thermal annealing temperature varied from 350 to 550 oC [51].  
The four-point probe resistivity of AZO films before rapid thermal annealing was as 
high as 25 Ω-cm. This does not satisfy the resistivity requirements for electrodes of 
thin film solar cells. However, the resistivity of AZO films decreased with increasing 
rapid thermal annealing temperature. The lowest resistivity of 1.4x10-2 Ω-cm was 
obtained at a rapid thermal annealing temperature of 550 oC. After sol-gel 
preparation, the rapid thermal annealing process is effective in improving its 
electrical properties. AZO film after RTA showed excellent resistance against 
hydrogen radical attack [51].  
Young-Sung Kim and Weon-Pil Tai also investigated the optical properties with 
post-deposition heating temperature. In this study the optical transmittance of the 
films postheated below 650 oC was over 86%, but it decreased at 700 oC. They 
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reported that the optical transmittance in the visible range was 86–91%, but slightly 
decreased in the film postheated at 700 oC. The ZnO films with higher c-axis 
orientation have higher optical transmittance. The AZO film postheated at 700 oC 
have low optical transmittance even though it exhibits the highest c-axis orientation. 
The low transmittance is due to the segregated Al2O3 and pores formed in the AZO 
film during post-deposition heating [16]. In other words, if the c-axis orientation is 
strong, conductivity of the Al:ZnO films increase while the transmittance decrease 
[16,52].  
Z.Q. Xu et. al. reported that surface morphology also has a strong influence on the 
optical properties of the films and the best transmittance was obtained at 550 oC. 
Optical transmittance spectra of Al-doped ZnO films as a function of the annealing 
temperature are compared in Figure 3.6. The transmittance of the film with the 
annealing treatment in the visible range was higher than 80% and that of the 
unannealing treatment. The increase in transmittance by applying the annealing 
treatment may be due to decreasing optical scattering caused by the densification of 
grains followed by grain growth and the reduction of grain boundary density [28]. 
 
Figure 3.6 : The transmittance of Al-doped ZnO thin films with different 
                           annealing temperature.     
W.M. Tsang et. al. also reported that excimer laser irradiation treatment significantly 
improves the structural, electrical and optical characteristics of the sol–gel derived 
AZO films. They performed the AZO films on glass substrate by a sol–gel method 
through spin-coating technique together with laser irradiation treatment [53].  
Conventional sol–gel deposition of AZO involves two high temperature steps for 
preheating and annealing, respectively. The function of preheating is to remove 
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organic impurities while annealing is to enhance crystal growth. However, such 
temperatures are unacceptably high for substrates with a low glass transition 
temperature such as plastics. Therefore, the aim of using excimer laser irradiation 
instead of conventional annealing process is to minimize heating and damage to the 
substrate (limit the heating to precursor AZO films with minimal heating on the 
substrates) due to selective laser absorption by the overlaying film. Besides, laser 
irradiation is also expected to have direct photoinduced influence, which leads to 
rapid crystallization of the precursor films and atom dissipation from the film [53].  
AZO film was deposited onto the glass substrate by spin coating of the precursor 
solution. AZO precursor solution was dripped onto the center of the substrate so as to 
ensure a full coverage of the substrate during high-speed spinning. The substrate 
holder was set to rotate at a low speed of 600 rpm for 10 s after the dripping of the 
AZO precursor solution. This low-speed spinning allows solution to disperse and 
spread over the substrate surface by centrifugal force. After that, the spinning of the 
substrate was accelerated to a relatively high speed of 1000 rpm for another 10 
seconds. The purpose of the high-speed spinning is to allow the excess fluid to spin 
off the edges of the substrate, forming a desired thickness of the film over the 
substrate. After the spin coating, the sample was baked to a temperature of 300 °C in 
a tube furnace for 10 min in order to evaporate organic solvents and impurities in the 
coated film. The processes of spin coating and baking were repeated 8 times until the 
AZO film reaching a desired thickness of 200 nm. The sample substrate was then 
subjected to laser irradiation The major purpose of applying laser irradiation instead 
of furnace annealing is to heat up the AZO film while minimizing heating of the 
substrate [53].  
The electrical conductivity of AZO is primarily related to interstitial aluminum and 
zinc atoms, and oxygen vacancies. Additionally, the conductivity is strongly 
dependent on AZO film crystallinity. The decrease in resistivity with increasing laser 
energy can be attributed to laser irradiation at high energy fluence that brings about 
film crystallization to an oriented AZO phase. Consequently, grain boundary 
densities and crystal lattice deficiencies in the films are decreased after laser 
irradiation treatment. It results in an increase in carrier mobility, thus reduced 
resistivity of laser-irradiated films [53].  
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The laser-irradiated AZO films show an increase in transmittance with laser energy. 
The increase in transmittance of the laser-treated AZO films may be due to 
decreasing optical scattering caused by densification of grains followed by grain 
growth and reduction in grain boundary density. Higher transmittance in visible 
region indicates that the film has less defects and better crystallinity [53].  
It is an alternative method for AZO deposition at low temperatures (< 300 °C) using 
laser irradiation. This technique holds promise for preparing TCOs on plastic 
substrates since the processing temperature of TCO can be high while keeping the 
substrate at a low temperature, thus minimizing damages to the plastic substrate. In 
semiconductor industry, pulsed laser annealing has been applied to improve the 
structural, optical and electrical characteristics of polycrystalline semiconductor 
films [53].  
3.1.2 Effect of aluminium dopant  
Doped zinc oxide thin films have attracted much attention because of their potential 
for being used as transparent conducting electrodes after doping with group IIIB 
elements or fluorine. Furthermore, they can be used as insulating or ferroelectric 
layers after doping with Li or Mg in optoelectronic devices. Transparent ZnO thin 
films doped with Al, In, or Ga show good electrical conductivity. Currently, 
conductive zinc oxides replace indium-tin-oxide (ITO) thin films in the area of 
transparent conducting electrodes due to their inertness under hydrogen plasma 
atmosphere. It is generally accepted that doping of ZnO with Al decreases its 
resistivity contrasted with Li, which is known to increase resistivity in ZnO. Al acts 
as a donor when it is substitutionally incorporated on zinc lattice sites [54,55].  
The increase of the electrical resistivity of doped films with increasing doping 
concentration may be due to a decrease in mobility of the carriers caused by the 
segregation of the dopant at the grain boundary. Doped aluminum is acting as an 
electrical dopant at initial doping concentration but as an impurity at higher doping 
concentrations, the latter films having the lowest electrical resistivity values. 
Additionally, it has been shown that the electrical resistivity value of doped films is 
inversely proportional to the prevalence of the (0 0 2) orientation of film [26]. 
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However, the ZnO films doped with Al show a preferred orientation along the (0 0 2) 
plane. It means that the doping of small amount of Al in the ZnO film promotes c-
axis orientation even though a solvent of low boiling point, isopropanol is used [16].  
In particular, the particle size of the films doped with aluminum became smaller with 
increasing doping concentration. This is because grain growth was disturbed by 
compression stresses due to the difference in ionic radii between zinc and aluminum 
(r Zn+2 = 0,074nm and rAl3+ = 0,054 nm)  [7].  
The control of defects and associated charge carriers is of paramount importance in 
applications that exploit the wide range of properties of doped ZnO. Despite its 
simple chemical formula, ZnO has a very rich defect chemistry. Solid surfaces 
contain segregated impurities, adsorbed gases that act as sources and sinks of 
electrons, and associated space charge regions. In nanostructured ZnO (as well as in 
other materials), the small length scales and large surface-to-volume ratio mean that 
surface defects play a stronger role in controlling properties. It is also critically 
important to understand defects in ZnO doped with aliovalent ions, either 
purposefully for achieving a certain functionality or through accidental doping 
during the growth process. Before considering the defect structure of ZnO in more 
detail, it is important to realize that ZnO has a relatively open structure, with a 
hexagonal close packed lattice where Zn atoms occupy half of the tetrahedral sites. 
All the octahedral sites are empty. Hence, there are plenty of sites for ZnO to 
accommodate intrinsic (namely Zn interstitials) defects and extrinsic dopants. 
Selective element doping offers a method to adjust the electrical, optical, and 
magnetic properties of ZnO nanowires, which is important for applications. Typical 
dopants that have been employed to increase the conductivity of ZnO are group III 
(B, Al, In, Ga) and group IV (Pb, Sn) elements of the periodic table [56].  
Yavuz Oral et. al. investigated the effect of doping on the microstructure, optical 
properties, and grain orientation of ZnO thin films prepared by sol–gel spin coating. 
The basic solution was prepared by dissolving ZnAc (Zn(CH3COO)2.2H2O) in 2-
propanol and monoethanolamine and the dopant source was AlCl3. Al:ZnO films did 
not fully crystallized at 550 oC.  There are intensity increases in the XRD pattern of 
Al:ZnO films around 2θ values of 34 and 36 corresponds to peak locations of (0 0 2) 
and (1 0 1). This suggests that crystallization of Wurtzite structure has started but it 
is in the beginning stage. In fact, prolonged crystallization rate was expected since Al 
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doping is known to prevent grain growth in ZnO. This hindrance of grain growth is 
believed to be caused by stress formation as a result of the ion size difference 
between Zn and Al when Al ions replace Zn ions [54].  
It is generally accepted that doping of ZnO with Al decreases its resistivity 
contrasted with Li, which is known to increase resistivity in ZnO. Al acts as a donor 
when it is substitutionally incorporated on zinc lattice sites. Accordingly, Yavuz Oral 
et al. fabricated low resistivity Al doped ZnO films when segregation of aluminum 
(as Al2O3) at the grain boundaries was avoided. Then, substitution of the Al atoms 
effectively took place in Zn sites of the ZnO structure according to the following 
equation: where AlZn is Al in zinc lattice site and Oo is oxygen on lattice site [54].  
Al2O3 →2AlZn + 2Oo + 1/2O2 + 2e 
In addition, they reported that although films showed high transparency in the visible 
range, doping significantly affected the UV transparency (Figure 3.7). The 
wavelength of the light in the UV range is shorter and can interact with the smaller 
defects that are present in all fabricated films. Thus, there was a substantial 
difference in UV transparencies of differently doped films. ZnO:Al films, which did 
not contain grain boundaries, cracks or pores had a very high UV transparency. In 
contrast, Li doped films which had cracks on the surface had the lowest UV 
transparency [54]. 
 
Figure 3.7 : Transmittance spectra of undoped, Al-doped, and Li-doped ZnO 
                        thin films [54]. 
The increase of the electrical resistivity of doped films with increasing doping 
concentration may be due to a decrease in mobility of the carriers caused by the 
segregation of the dopant at the grain boundary. Doped aluminum is acting as an 
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electrical dopant at initial doping concentration but as an impurity at higher doping 
concentrations, the latter films having the lowest electrical resistivity values. 
Additionally, it has been shown that the electrical resistivity value of doped films is 
inversely proportional to the prevalence of the (0 0 2) orientation of film [26]. 
In order to study the effect of aluminium concentration on the microstructural and 
electrical properties of Al-doped ZnO thin films, Xu Zi-qiang et. al. used different 
values of dopant concentration (0, 1.5, 2.5, 5 and 10 mol%). As a starting material, 
zinc acetate dehydrate was used. 2-methoxyethanol and monoethanolamine (MEA) 
were used as a solvent and stabilizer, respectively and the thin films was performed 
by spin coating and then annealed at 530 oC for 1 h. The resistivity variation of Al-
doped ZnO films with different doping concentrations is displayed in Figure 3.8.  
The resistivity first decreased with increased Al concentrations. A minimum 
resistivity of 6.2x10-4  Ω-cm was obtained at a doping concentration of 1.5 mol%. At 
this doping concentration, it also displayed a higher preferential c-axis orientation 
and the highest peak intensity compared to films at other doping concentrations. 
However, with increase in the Al doping concentration above 1.5 mol%, the 
resistivity started to increase significantly. The reason of this, when a small amount 
of Al is introduced into the film, the Al is ionized into Al3+ and replaces Zn2+. Thus 
one free electron is produced from one zinc atom replacement. The carrier 
concentration therefore increases with Al concentration at first up to 1.5 mol% 
doping. At higher Al concentrations, the carrier concentration decreases because 
increasing dopant atoms may form some kind of neutral defects and these neutralized 
Al atoms do not contribute free electrons. The amount of electrically active Al in the 
film decreases when doping is high, i.e. more Al atoms are neutralized at higher Al 
concentration [32]. 
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Figure 3.8 : Resistivities of Al-doped ZnO thin films as a function of the 
                              dopant concentration [32]. 
Also all of the films exhibited a transmission of more than 80% in the visible region 
with a sharp fundamental absorption edge (Figure 3.9-a). The optical absorption edge 
has a blueshift to the region of higher photon energy with an increase in Al 
concentration. In general the blue shift of the absorption onset of Al doped 
nanocrystalline films is associated with the increase of the carrier concentration 
blocking the lowest states in the conduction band, well known as the Burstein–Moss 
effect. It is also believed to be Burstein–Moss effect because of the doping of Al in 
the ZnO thin films. The transmittance of the films was higher than 80% in the visible 
range and an increase in Al concentration caused the bandgap to become broader. PL 
spectrum of pure ZnO thin film exhibits two peaks, one is the near band edge 
emission (NBE), and another is the deep-level (DL) emission as shown in (Figure 
3.9-b). However, when Al was doped into thin films, the DL emissions of the thin 
films were depressed. As the concentration of Al increases, the peak of NBE 
emission has a blueshift to region of higher photon energy, which shows a trend 
similar to that in optical transmittance measurement [32]. 
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Figure 3.9 : (a) Optical transmittance spectrum of ZnO thin films as a 
                                  function of different Al doping  (b) PL spectra of ZnO films          
                                  with different Al concentrations [32]. 
The mentioned resistivity dependence of the optical gaps and the resulting change by 
annealing can be interpreted as a Burstein-Moss shift where the variation of optical 
gaps is the result of a change in free carrier concentration and the corresponding 
downward or upward shift of the Fermi level in the conduction band (for resistivity 
dependence of the optical gaps) or the Fermi level shifts downward to below the 
band edge (after high temperature annealing). The resistivity and carrier 
concentration dependence of optical gaps and their variation due to high temperature 
annealing indicate that the Burstein-Moss shift which widens the optical gaps [57].  
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In another study, G. Srinivasan et. al. investigated the effects of Al doping on the 
morphological, microstructural and optical properties. They used Zinc acetate 
dihydrate as a starting material and  2-Methoxy ethanol and monoethanolamine as 
the solvent and stabilizing agent, respectively. The dopant source for aluminium was 
aluminium chloride (3 wt%). After depositing by spin coating at an r.p.m. of 3000 
rpm for 30 s, the films were kept at 623 K for 15 min to evaporate the solvent and to 
eliminate the organic component in the film and then annealed at 873 K for 30 min 
[30].  
In the aluminium doped film (0002) plane has less intensity than the pure zinc oxide 
film. This indicates that dopant incorporation deteriorates the crystallinity of films, 
which may be due to the formation of stresses by ion size difference between zinc 
and dopant and the segregation of dopants in grain boundaries. They found that the 
Average crystallite sizes are 22 and 16 nm for pure ZnO and Al doped ZnO, 
respectively [30].  
SEM images of undoped and doped ZnO thin films on sapphire substrates are 
presented in Figure 3.10. In the case of undoped and annealed film show wrinkle 
network with numerous spherical nano-ZnO crystal-like islands. The microstructure 
of aluminium-doped films exhibit many spherical shaped grains of size about 500 
nm. It is interesting to note that the grain sizes observed from SEM is different from 
the grain size determined by using XRD. This shows the grains seen in the SEM are 
the domains formed by aggregation of nanosize crystallites  [30]. 
 
 
Figure 3.10: SEM images of (a) pure and (b) Al doped ZnO thin films [30]. 
In addition to structural evaluation, Cathodoluminescence (CL) spectroscopy 
provides additional insight into semiconductor crystal quality through emission from 
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discrete states bordering and within the band gap or states arising from structural 
defects.    
The CL spectrum (Figure 3.11) shows two emission bands: (i) a narrow UV emission 
located around 382 nm and broad emission around 490 nm. These emissions are 
attributed to excitons and defects, respectively. The ultra violet excitonic 
luminescence of pure and aluminium doped ZnO thin films annealed at 873 K are 
382 nm and 380 nm and the deep level emission is at 493 nm and 489 nm, 
respectively. Also the CL peak intensity of the UV emission and the intensity of the 
defect-related peak increased with the dopant. This defect-related peak is referred to 
the singly ionized oxygen vacancy and the emission results from the radiative 
recombination of a photo-generated hole with an electron occupying the oxygen 
vacancy. The green luminescence has been attributed to antisite oxygen [30]. 
 
Figure 3.11 :  (a) and (b) Cathodoluminescence spectrum of the pure and 
                                 Al doped ZnO film [30]. 
The strong visible spectrum band at 500 nm wavelength may be due to a great 
fraction of oxygen vacancies. The peak position also shifts slightly changes from 
lower energy to higher energy. It should be pointed out that the change in intensity of 
the green emission may originate, such as increase or decrease of the radiative deep 
centers or the change of the defect occupancy. The blue shift of UV emission from 
382 nm to 380 nm was observed for Al doped ZnO compared to that of pure ZnO 
films. This blue shift in UV emission could be attributed to quantum confinement 
effect. According to quantum confinement theory, the energy band gap of a 
semiconductor depends on the crystal size; its value will increase with a decrease in 
crystal size. In most of the cases quantum confinement effects are observed when the 
particle size decreases from 61 nm to 20 nm. In this study, the crystal size of pure 
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ZnO films and Al doped ZnO film are found to be 22 and 16 nm, respectively. 
Therefore the blue shift observed in UV excitonic emission for Al doped ZnO film is 
probably caused by the quantum confinement effect due to the decrease in the crystal 
size. As the crystal size of the Al doped ZnO decreases, the surface to volume ratio 
of the grain increases which result in the increase in grain boundary area. The grain 
boundaries are rich in structural and compositional defects and this possibly explains 
the increase in the green emission around 489 nm for Al doped ZnO. The band gap 
widens with increasing Al content and upto 4 wt% of Al dopant [30].  
S.B. Majumder et. al. also investigated the effect of Al concentration on the electrical 
properties of ZnO and the Al content varied from 0 to 10 at.%. They found that the 
crystallization temperature is higher in case of thin films as compared to the bulk gel 
powder because of the strain energy and there was the presence of hydrated species 
in the film annealed at lower temperature temperature (650 oC). The content of these 
hydrated species was reduced with the increase in annealing temperature (750 oC). At 
room temperature the resistivity of ZnO thin films was measured to be 3.8 V cm. Up 
to 4 at.% of Al doping the resistivity drops down to 0.27 V cm. Beyond 4 at.% of Al 
doping there was a sharp increase in the resistivity with further increase in Al 
content. The results indicated that up to 4 at.% doping, Al ion replaced Zn in the ZnO 
lattice, which increased in mobility and carrier concentrations and this increases the 
conductivities of the film. It is therefore indicative that the content of zinc as 
interstitial or aluminium as substitutional ion is limited in ZnO lattice. Excess Al 
beyond 4 at.% either occupied the interstitial position in ZnO lattice or it precipitated 
at the grain boundary. In both these cases it decreased the electron mobility and 
therefore the resistivities of the films were increased [58].  
On the other hand it has also been suggested that the n-type conductivity of 
unintentionally doped ZnO films is only due to hydrogen (H), acts as a shallow donor 
with an ionization energy about 30 meV. This assumption is valid since hydrogen is 
always present in all growth methods and can easily diffuse into ZnO in large mounts 
due to its large mobility. First-principles calculations also suggested that 
unintentionally incorporated hydrogen acts as a source of conductivity and behaves 
as a shallow donor in ZnO [59]. 
Parmod Sagar et. al. investigated the effect on structural, electrical and optical 
properties of Al doped ZnO thin films with hydrogen incorporation. The ZnO:Al 
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films are baked in hydrogen ambient at 350 oC for 90 min after annealed for half an 
hour at a temperature of 575 oC for decomposition and oxidation of the precursors 
[60].  
ZnO:Al films with 0.8 at.% exhibited a large grain size, high transparency, low 
resistivity and high mobility. Hydrogenated ZnO:Al films showed improved surface 
morphology, a significant increase in carrier concentration and conductivity. The 
elongation of unit cell along c-axis confirms the presence of hydrogen atoms 
incorporated at the interstitial site making an O–H bond that acts as a shallow donor. 
A low resistivity of 8.68x10-4 Ω-cm has been obtained in these hydrogenated sol-gel 
derived films [60]. 
3.1.3 Effect of film thickness 
Single and multilayer AZO sol–gel coatings may exhibit granular, layered or 
columnar structures. Their formation depends on several processing parameters such 
as amount of doping, parameters of the deposition process and methods of sintering. 
The physical reason for the formation of those structures is the competition of 
homogeneous versus heterogeneous nucleation rates, which, in the sol–gel process, 
depend on the single layer thickness and the intrinsic crystallite size. The electrical 
properties (resistivity, mobility, carrier concentration) of ZnO:Al transparent 
conducting oxide films prepared by the sol–gel process are strongly affected by the 
structure parameter and the thickness of the film [61].  
The multilayered structure can improve film resistivity and this can be achieved by 
the rapidly rising carrier concentration and the slowly increasing carrier mobility as 
the film becomes thicker. The film thickness can be easily adjusted by controlling the 
precursor concentration and the number of dipping or spinning times. Higher 
precursor concentration can lead to thicker films but lower optical transmittance. 
Though the transmittance is slightly decreased due to higher precursor concentration, 
the transmittance can be improved by adjusting the annealing processes [62].   
Furthermore the electrical properties of the coatings are related to the structural and 
morphological properties of the coatings. As long as homogeneous nucleation takes 
place predominantly the particles are spherically shaped and randomly distributed. 
Therefore the film density is low and the resistivity is high. Heterogeneous 
nucleation is favoured by depositing very thin individual layers leading to a 
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columnar growth of the particles. In this case the film density is high and the 
resistivity is low. Columnar growth promotes a low resistivity of the coating [62]. 
 
Figure 3.12 : Five layers coating consist of a columnar growth perpendicular 
                             to the surface [62]. 
 
 
Figure 3.13 : The two layer coating consists of spherical particles [62]. 
The thin film characteristics like optical transparency, surface roughness and carrier 
concentration have been reported to be dependent on film thickness for a particular 
substrate [63]. B. Lucas et al. also have reported effect of thickness of ZnO film on 
performance of LED. He reported that 120 nm thick film of ZnO is best compromised 
value to obtain simultaneously high transmittance and conductivity [64].  
Mamta Sharma and R.M. Mehra investigated the effect of thickness on structural, 
electrical, optical and magnetic properties of Al and also Co doped ZnO films 
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deposited by sol–gel spin coating method. They reported deposition and 
characterization of Zn0.94Co0.05Al0.01 films of thickness ranging from 70 nm to 400 
nm. The films deposited up to a thickness of 200 nm showed improvement in 
crystallinity and preferential c-axis orientation. A transition in the growth mode from 
vertical (c-axis) to lateral (a and b-axis) was observed with further increase in the 
thickness of the film. It has been found that with increase in film thickness from 70 
nm to 400 nm, the strain between the layers decreased, grain size and mobility 
increased and consequently the resistivity decreased. The film having thickness of 
200 nm has exhibited room temperature ferromagnetism, c-axis preferential growth 
and a very low resistivity. The average transmittance of the films for thickness less 
than 200 nm was above 80% in the visible region which decreased at higher thickness 
of the film. Such films find their use in transparent spintronics applications [63]. 
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4. SOME OF THE APPLICATIONS AREAS OF Al:ZnO THIN FILMS 
A well-known wide-band gap wurtzite structured zinc oxide with four-fold 
tetrahedral coordination lies in the border between ionic and covalent 
semiconductors. Recently pure and doped zinc oxide films have been rediscovered as 
a subject of considerable interest in research due to their physical properties and a 
wide range of possible applications. A special care is directed to optical and 
magnetic memory devices, blue light emitting diodes, solar cells and sensors. Also 
nanoparticles or quantum dots have received considerable attention due to the 
quantum phenomena resulting from an increase in band gap [30].  
Zinc oxide and doped zinc oxide films have received extensive attention in recent 
years due to their excellent optical and electrical properties. It is a good candidate as 
conductors with high transparency in the visible light range and high conductivity for 
transparent conductive oxide (TCO) films and an alternative material for tin oxide 
and tin-doped indium oxide (ITO). Because of its stability in hydrogen plasma, AZO 
film is the Standard front electrode in CIS (Copper-Indium-Diselenid, CuInSe2)) thin 
film solar cells and have been studied as a window layer for silicon thin film solar 
cells owning to its easily textured surface for efficient light trapping . Recently, AZO 
films have also been used as a backcontact for CIGS (Copper-Indium- Galyum 
Diselenid ) solar cells [55,66]. Parmod Sagar et. al. reported that the highly c-axis 
oriented hydrogenated ZnO:Al films that they performed by sol-gel spin coating 
method can be suitable as a transparent electrode in a Si :H based solar cells. The 
thickness of the films was found to be ~0.25 µm and the resistivity of the films was 
5.36x10-2 Ω cm and the transmittance of the ZnO:Al films was  85% in the visible 
region [60].  
Because of their chemical stability, the ZnO films, particularly, aluminium-doped 
films, are more useful in the fabrication of thin film solar cells compared to Sn-doped 
In2O3 (ITO). The most important parameters required for the application of ZnO: Al 
film as a transparent conductor are its low electrical resistivity and high optical 
transmittance. Jinsu Yoo et. al. also carried out  highly transparent (transmittance ~ 
85%) ZnO:Al films with excellent electrical resistivity 1.9x10-4 Ω cm. So they 
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reported that Al doped ZnO films is suitable to apply for the fabrication of thin film 
silicon solar cells [65].  
Polycrystalline silicon (poly-Si) thin films on glass are promising candidates for low-
cost high efficiency thin-film solar cells. Silicon thin-film technologies based on 
amorphous Si(a Si:H) or microcrystalline Si(µc-Si:H) tandem cells, use transparent 
conducting oxide (TCO) layers as front contact. This allows for a rather simple 
contacting and series connection scheme by laser scribing as well as light trapping by 
texturing the TCO surface in order to overcome current limitations due to the 
incomplete light absorption within the comparably thin absorber layer [66].  
TCO –coated glass substrates for the preparation of superstrate solar cells would 
enable the use of concepts that have been developed and successfully applied for the 
production of solar cells based on a-Si:Hand mc-Si:H. In order to be usable as front 
contact of the thin-film solar cells in a superstrate configuration, the TCO layers have 
to withstand the subsequent processing steps. In case of amorphous silicon, usual 
deposition temperatures lie around 200 oC, so that thermal degradation is not an 
issue. Only the hydrogen-rich plasma during deposition of a-Si:H or µc-Si:H could 
be a hazard to the TCO properties. By using ZnO:Al as TCO layer,no degradation is 
expected in hydrogen plasma [66]. 
 
Figure 4.1 : A poly-Si thin-film solar cell 
Schematic drawing of a poly-Si thin-film solar cell on ZnO: Al – coated glass 
prepared by either direct deposition or solid-phase crystallization at 600 oC 
(superstrate configuration). The structure consists of a glass substrate, a ZnO:Al layer 
as transparent conductive oxide (TCO), an n+ type poly-Si emitter, a p-type poly-Si 
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absorber, a p+-type a-Si:H back surface field (BSF),and an aluminum contact (Figure 
4.1)  [66].  
Potential applications of organic light-emitting devices (OLEDs) have driven 
extensive efforts to fabricate various kinds of OLEDs with high brightness and high 
efficiency. Various device structures, consisting of active layers and electrodes, have 
been designed to improve the efficiency of the OLEDs. Among the several parts of 
OLEDs, transparent conducting oxide films have become particularly attractive due 
to their being promising candidates for anodes. The materials of the device anodes 
for hole injection are particularly important for enhancing device efficiency.  
Tin-doped indium oxides (ITOs) acting as anodes in OLEDs have been extensively 
used as anodes because of their high conductivity and transparency over the visible 
range and their high work function. However, since the indium in the ITO thin films 
might diffuse into the organic layers, resulting in the degradation of the OLED 
efficiencies, the fabrications of the alternative anodes with thermal stabilities are 
necessary for improving the efficiency of OLEDs. Among the alternative candidate 
thin films, Al-doped ZnO (AZO) thin films have been considered as suitable anodes 
because ZnO thin films are more stable in reducing ambient, more abundant, and less 
expensive in comparison with the ITO films which make them appropriate for 
potential use as anodes in OLEDs. Since ZnO thin films are large bandgap oxide 
semiconductors with a large excitonic binding energy and a high chemical 
stabilization, their noble physical properties have stimulated applications in many 
promising optoelectronic devices, such as flat-panel displays. Since the utilization 
possibility of AZO thin films grown on glass substrates as anodes in OLEDs is 
strongly affected by the electrical, the optical, and the electronic properties, 
systematic studies concerning those properties are very important for improving the 
efficiencies of OLEDs [20].  
T.W. Kim et. al. investigated the feasibility of using AZO films as anode electrodes 
in organic light-emitting devices (OLEDs). They found that the optimum thickness 
of an AZO thin film for use as an anode in an OLED was approximately 180 nm and 
the resistivity, the average optical transmittance with an optimal thickness of 180 nm 
were 4.085x10-2 Ω-cm and 80.2%, respectively. These results indicate that AZO thin 
films grown on glass substrates hold promise for potential applications as anodes for 
OLEDs [20]. 
 40 
 
Figure 4.2 : Schematic diagram of the n-ZnO:Al/ p-SiCs4Hd heterojunction 
                            LED structure. 
Also n-ZnO:Al films are employed as electron injectors in ZnO-based heterojunction 
LEDs. Clement Yuen  et. al. investigated the fabrication of n-ZnO:Al/ p-SiC (4H) 
heterojunction light-emitting diyotes. The room temperature optical and electrical 
characteristics of the n-ZnO:Al/ p-SiC heterojunction LED were measured by 
contacting the n side of the LED to a ZnO:Al (7%) -coated quartz substrate as shown 
in Figure 4.2. This configuration was used in order to avoid metallization on the  
ZnO:Al (7%) of the LED. The quartz substrate was coated with a ZnO:Al (7%) film 
of 100 nm thick and followed by a Ni film of 100 nm thick. In this case, the ZnO:Al 
film acts as a transparent conducting layer and the Ni film forms an ohmic contact on 
the ZnO:Al film. Light was collected from the uncoated side of the quartz substrate 
by an objective lens [67].  
They reported that the intensity of the UV peak increases with the increase of biased 
voltage. This indicates that the ZnO:Al films exhibit effective near-bandedge 
radiative recombination and the influence of the heterointerface defect is negligible. 
The ultraviolet electroluminescence spectrum exhibits a UV peak indicating that the 
influence of nonradiative defects in n-ZnO:Al films is also negligible. In conclusion, 
the n-ZnO:Al films are well suited to be applied in ZnO UV LEDs, as well as diode 
lasers as the electron injection layer and active layer [67].  
SAW devices are used as filters, oscillators and transformers, devices that are based 
on the transduction of acoustic waves. The transduction from electric energy to 
mechanical energy (in the form of SAWs) is accomplished by the use of piezoelectric 
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materials. Phase velocity, electromechanical coupling coefficient and temperature  
coefficient of frequency are the typical properties of SAW. 
SAW sensors have been demonstrated in acousto-optic, biological, and chemical 
device applications, and SAW devices supporting different types of acoustic wave 
propagation can be realized with good sensitivities. One type of acoustic wave 
propagation that is promising for high sensitivity is that of guided shear horizontal 
(SH) surface acoustic wave propagation or Love mode propagation. This type of 
propagation has the advantage of in-plane propagation concentrating the acoustic 
energy in the guiding layer grown on an appropriate substrate, thus offering the 
opportunity of higher sensitivities. Love mode propagation is perpendicular to the c-
axis of ZnO. Thus, in Love mode wave propagation generated in ZnO films grown 
along the c-axis, atomic displacement is in-plane as opposed to that of Rayleigh 
waves which is perpendicular to the surface (i.e. parallel to the c-axis)  [11].  
 
Figure 4.3 : Schematic diagram of the ZnO/SiO2/Si Love mode SAW 
                                resonator. A window is opened between the input and output  
                                IDTs (inter-digitated transducers) to deposit the copolymer mass. 
Also Sheng-Yuan Chu et. al. has reported that the preferred oriented ZnO film is 
beneficial for improving the electromechanical coupling coefficient of SAW device. 
They found that the film surface examined by AFM and SEM exhibit smooth 
morphology and dense, respectively [68].    
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5. EXPERIMENTAL STUDIES 
In this study, soda lime silicate and borosilicate glasses were used as the substrates. 
After cleaning the substrates, Al doped ZnO thin film was performed by sol-gel spin 
coating method. They were annealed at the temperature range of 450–700 oC in 
oxygen, vacuum, argon and nitrogen atmosphere. Some of the samples were exposed 
to radiation by using 137Cs radioisotope. The effect of annealing temperature and 
ambient, Al concentration on the structural, optical and electrical characteristics of 
the films was investigated and also the effect of irradiation on the optical properties 
of films was investigated. 
5.1 Preparing The Substrates 
Soda lime silicate glasses were cut in dimensions 25x30 mm and borosilicate glasses 
in dimensions 25x25 mm were ready to use. At first the substrates were cleaned with 
detergent and copious amounts of de-ionized water. Then they were ultrasonically 
cleaned in acetone, ethanol and deionized water for 10 min, respectively and 
subsequently dried in air. For ultrasonic cleaning Bondelin Sonorex Ultrasonic Bath 
was utilized. Also all the laboratory materials used to prepare the sol were cleaned 
with detergent. They were rinsed with the solution of sulfuric acid (H2SO4), 
potassium dichromate (K2Cr2O7) and water. They were dried in a drying oven at 100 
oC after rinsing de-ionized water.    
5.2 Preparation of the Precursor Solution 
Zinc acetate dihydrate (Zn(CH3COO)2.H2O (extra pure) was used as a starting 
material. Diethanolamin (DEA – C4H11NO2) and absolute ethanol (C2H5OH - purity, 
96%) was used as a stabilizer and solvent, respectively. The dopant source of 
aluminium was Aluminiumnitrat-Nanohydrat (Al(NO3)3.9H2O (Merck). Zincacetat-
dihydrat was first dissolved into ethanol by adding Diethanolamin at 60 oC. Then the 
dopant was added. It was mixed thoroughly on a magnetic stirrer (Heidolph MR 
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3001 K) for 1h at 60 oC until it becomes clear and homogeneous. The molar ratio of 
DEA to Zincacetat-dihydrat was maintained at 1.0 and the concentration of 
Zincacetat-dihydrat was 0.5 M. The molar ratio of dopant [Al/Zn] in the solution was 
varied between 0,8 and 1,6 at.%. The solution was kept on mixing until cooling at 
room temperature (22 oC). It was observed that prepared sol showed high sensitivity 
for humidity. So during the preparation of the solution, humidity ratio was achieved 
at 43 %. The humidty level was controled using a dehumidifier to protect the solution 
quality during the preparation of the solution and the spin coating processes in the 
laboratory. Humidity ratio was determined as 43 % using the hygrometer for all of 
the coating processes. 
 
Figure 5.1 : Spin Coater Equipment 
5.3 Preparation of the Films 
Al-doped ZnO (AZO) films were prepared on glass (soda lime silicate and 
borosilicate) substrates by repeated coating. Spin Coater (Model G3P-8Desk-Top 
Precision Spin Coater) with computer controlled was used (Figure 5.1 ). Spin coating 
was performed at room temperature in the nitrogen atmosphere, with a rate of 1000 
rpm. Some of the samples were also performed by spin coating at an rpm of 2000 
and 3000 for 20 s to investigate the effect of spin speed. For the soda lime silicate 
substrates, after depositing each times, the films were preheated in air atmosphere at 
300 oC for 10 min to evaporate the solvent and remove organic residuals. 
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After the deposition of the last layer, the films were inserted into a furnace and 
annealed in oxygen, vacuum, nitrogen and argon atmosphere at several temperatures 
from 450 to 600 oC for 1 h for the soda lime silicate substrates. The pre- heated 
temperature was 400 oC for 10 min. and the annealing temperature was 700 oC for 1 
h in the same atmospheres for the borosilicate substrates. The pressure in vacuum 
ambient was 0,003 mbar. The pressure in argon and nitrogen ambient was 1013,25 
mbar and the flow rate of argon and nitrogen was 30 L/h. The procedure from 
coating to drying was repeated five times. 
 
 
Figure 5.2 : Flow diagram of the preparation of the coating solution and 
                               coating procedure for ZnO:Al multilayer coatings. 
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5.4 Differential Thermal / Thermo Gravimetric Analysis (DTA/TGA) 
To determine the thermal properties of Al doped ZnO precursor solutions,  
differential thermal / thermo-gravimetric analysis were performed using a Perkin 
Elmer Diamond TG-DTA, with a heating rate of 10 oC/min.    
5.5 The Investigation of Structural Properties 
The crystallinity and the c-axis orientation of each Al:ZnO thin film was measured 
using the GBC MMA X-ray Diffractometer with Cu Kα radiation of wavelenght 1.54 
Å. It was operated at 35 kV and 28,5 mA and with the energy of 1 kWatt. A 
continuous scan mode was used to collect 2(θ) data from 20o to 80o, with a 5o sample 
pitch and 2 deg/min scan rate. Also the morphology of the films were investigated by 
using an atomic force microscope (AFM, Veeco). 
5.6 The Measurement of Film Thickness 
Thickness of the films were measured by a surface profilometer (Dektak-6M Surface 
Profilometer) at several locations of the substrates with the load of 3 mg. The surface 
was scanned with the lenght of 2000 mm from the coated part of the films through 
the uncoated part.  
5.7 The Measurement of Electrical Resistance 
The electrical resistance was measured by using “Dispensible Fourpoint Resistivity 
Probe with Mounting Stand (SIGNATONE)” and a standard ohmmeter with two 
metal pins. Also the resistivity values depending on the thickness was calculated.  
5.8 The Investigation of Optical Properties 
Optical transmittance and reflectance measurements were carried out using T80 
UV/VIS Spectrophotometer in the wavelength range from 192 to 950 nm. 
5.9 Irradiation Behaviour of Al:ZnO Thin Film 
Some of the samples which were doped with 0,8 at.% Al and annealed in vacuum 
ambient at 450, 500, 550 and 600 oC was exposed to radiation by using the 137Cs 
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source with the activity of 9,5 µCi and then optical properties were measured again. 
Optical properties of irradiated and unirradiated films were compared.  
5.10 The Investigation of Mechanical Properties 
To evaluate the adhesion properties and wear resistance of Al doped ZnO thin films 
ERICHSEN Cross Hatch Cutter and Taber Wear and Abrasion Testers was used 
respectively (Figure 5.3 and Figure 5.5). Also, the haze test was performed by using 
the BYK Guard Dual Hazemeter (Figure 5.4). 
 
Figure 5.3 : ERICHSEN Cross Hatch Cutter. 
 
Figure 5.4 : BYK Guard Dual Hazemeter. 
 
Figure 5.5 : Taber Wear and Abrasion Tester. 
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6. RESULTS AND DISCUSSIONS 
In this study, the effect of annealing temperature, annealing atmosphere and doping 
concentration on the structural, optical and electrical properties of Al doped ZnO thin 
films were investigated. The effect of annealing temperature and spin speed on film 
thickness and the effect of irradiation on the optical properties were also investigated. 
6.1 Differential Thermal and Thermo Gravimetric Analysis 
To evaluate the bonding characteristics of the final precursor solutions and to 
determine the heat treatment schedule of ZnO thin films, differential thermal / 
thermo-gravimetric (DT/TG) analysis was carried out. ZnO gel powder, heated from 
room temperature to 900 oC at a rate of 10 oC / min in air. Figure 6.1 shows a 
combined plot of DTA and TGA. The DTA curve of the precursor shows 
endothermic peaks at around 290 and 410 oC which are associated with the 
evaporation of water, solvents and other organic compounds, respectively. The total 
weight loss for this solution was approximately 70% and occurred until ~ 520 oC. 
Thus, TG/ DSC results show that the crystallization of Al doped ZnO thin films will 
occur above 520  oC and the temperature that is 300 oC and above of it is appropriate 
for pre heating. 
 
Figure 6.1 : DTA-TGA curves of the dried precursor sols. 
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6.2 Structural Properties 
Figure 6.2 shows the X-ray diffraction patterns of ZnO thin films doped with 
aluminum from 0,8 at. % to 1,6 at. %. All samples have the (100), (002) and (101) 
difraction peaks and no Al peaks are detected.  But the intensities of (100) and (101) 
planes are less than the intensity of (002) planes for all the films indicating the 
preferred grain growth along the (0 0 2) plane. The final product was assumed to be 
doped with aluminum homogeneously into the zinc oxide matrix, because no extra 
lines were observed in the XRD patterns of AZO thin films in the studied range of 
aluminum concentration (0,8 – 1,6 at.% Al). 
Table 6.1: The average Crystallite Size and The Intensity of (002) Peak Difraction. 
Al 
Concentration 
(%) 
The Average 
Crystallite Size 
(nm) 
The relative  
Intensity 
 (002) 
0,8 26 86 
1 23 84 
1,2 22 78 
1,6 18 73 
 
 
Figure 6.2 : X-ray diffraction patterns of AZO films at different doping 
                               concentrations at 500 oC in argon ambient (a)0,8 at.%, (b)1 at.%,     
                               (c)1,2 at.% and (d) 1,6 at.% Al. 
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To calculate the average crystallite size of the samples, the Scherrer’s equation is 
employed. 
βθβ
λ
cos
9,0
=D
 
(6.1) 
Where λ is the X-ray wavelength of 1.54 Å, θβ is Bragg diffraction angle and β is the 
FWHM (Full Width Half Maximum of a distinctive peak) of θβ. Table 6.1 shows the 
average crystallite size and the intensity of (002) peak difraction of all samples. The 
crystallite size of the films doped with aluminum became smaller with increasing 
doping concentration indicating that the film crystallinity was deteriorated. This can 
be because grain growth was disturbed by compression stresses due to the difference 
in ionic radii between zinc and aluminum (r Zn+2 = 0,074nm and rAl3+ = 0,054 nm).  
The 0,8 at.% aluminum doped ZnO thin film had the highest (0 0 2) diffraction peak.  
Moreover, the peak intensities of those films decreased with the increase of doping 
concentrations. The (0 0 2) diffraction peak intensity had a tendency to decrease with 
an increase in doping concentration in all films. This indicates that an increase in 
doping concentration deteriorates the crystallinity of films, which may be due to the 
segregation of dopants in grain boundaries for high doping concentrations. 
 
Figure 6.3 : X-ray diffraction patterns of ZnO films with doping of 0,8 at.% Al at 
                       different annealing temperature in vacuum ambient. 
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Figure 6.3 is the XRD patterns of the ZnO thin films with doping of 0,8 at.% Al  pre 
heated at 300 oC and annealed at 450, 500, 550 and 600 oC. All the AZO films have a 
preferred orientation along the (0 0 2) plane. Also it can be said that ZnO:Al films 
have been developed without the formation of secondary phases, amorphous ZnO 
and clusters such as Al2O3. The crystallite size of the films was calculated by using 
also Scherrer’s equation. The crystallite size of Al doped ZnO increased with the 
increase of annealing temperatures. It can be understood by considering the merging 
process induced from thermal annealing. For ZnO nanoparticles, there are many 
dangling bonds related to the zinc of oxygen defects at the grain boundaries. As a 
result, these defects are favorable to the merging process to form larger ZnO grains 
while increasing the annealing temperature. aluminum concentration (0,8 – 1,6 at.% 
Al). 
Table 6.2: The Average Crystallite Size. and the Intensity of (002) Peak Difraction               
according to the Annealing Temperature. 
Annealing 
Temperature  
(oC) 
The Average 
Crystallite Size 
(nm) 
The relative  
Intensity  
(002) 
450 27 71 
500 31 84 
550 33 85 
600 38 88 
The intensity peak of the film annealed at 450 oC was weaker than that of the film 
annealed at 600 oC, which means that the film annealed at 600 had better crystal 
quality than the others (Table 6.2). So the c-axis orientation along the (0 0 2) plane 
increased with increasing post-deposition heating temperature. Both the intensity of 
the (0 0 2) diffraction peak and crystallinity of the films indicate a common 
representative of the improvement in crystalline quality with raising annealing 
temperature. So the post-deposition heating temperature and Al concentration greatly 
affected the crystal orientation of the ZnO films fabricated by spin-coating.  
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Figure 6.4 : X-ray diffraction patterns of ZnO films with doping of 0,8 at.% Al at  
                   500oC in different atmospheres (a)vacuum, (b)nitrogen, (c)argon and 
                    (d)oxygen.             
Also the crystalization couldn’t be carried out for the films annealed in oxygen 
ambient as shown in Figure 6.4 This is because the air atmosphere may facilitate the 
in-diffusion of oxygen and create oxygen vacancies and also Al may precipitate as 
Al2O3 after reacting with oxygen. Table 6.3 shows the intensity of (002) peak 
difraction for the 0,8 at.% Al doped ZnO films annealed at 500 oC in different 
atmospheres. The films annealed in argon atmosphere had the highest intensity of the 
(0 0 2) diffraction peak this is because argon is completely inert. The films were 
annealed in vacuum ambient with the pressure of 0,003 mbar. But there was oxygen 
pressure in the vacuum ambient even if it was just a bit. So the intensity of the films 
annealed in vacuum ambient was weaker than intensity of the films annealed in 
argon and nitrogen. 
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Table 6.3: The Intensity of (002) Peak Difraction according to the Different       
                          Ambients. 
. Annealing 
Atmosphere  
 
The relative  
Intensity  
(002) 
Argon 86 
Nitrogen 85 
Vacuum 84 
Oxygen - 
6.3 The Effect of Annealing Temperature and Spin Speed on Film Thickness 
The thickness of ZnO with doping of 0,8 at.% Al films annealed in vacuum ambient 
decreased mildly with the increase of annealing temperature from 450 to 600 oC as 
shown in Figure 6.5. It was thought that the films annealed at 450 oC had more 
formless and roughness structure and the surface of the films reached more 
homogeneous structure as the annealing temperature increases from 450 to 600 oC. 
Also reduction of film thickness during thermal annealing can be attributed to the 
removal of discontiuties (such porosities) from the structure of films. However the 
change of the film thickness depending on the annealing temperature was not 
considerable. On the other hand R. Castanedo-Perez et. al. found that a little change 
of the thickness as the annealing temperature increased from 200 to 500 oC but a 
remarkable decrease of the film thickness occured at the lower temperatures than 200 
oC [45]. 
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Figure 6.5 : The film thickness as a function of annealing temperature. 
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The thickness of Al doped ZnO coatings was affected by the spinning rate as shown 
in Figure 6.6. ZnO films with doping of 0,8 at.% Al were annealed at 500 oC in argon 
ambient. The thickness decreased as the spin speed increased from 1000 to 3000 
rpm. The speed of the substrate affects the degree of radial (centrifugal) force applied 
to the liquid. As the substrate began to spin centrifugal forces cause the liquid was 
spread out and then the films became thin on the substrate. 
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Figure 6.6 : The film thickness as a function of spin speed. 
6.4 Optical Properties 
Figure 6.7 shows the optical transmittance of the Al doped ZnO films annealed at 
different temperatures from 450 to 600 oC in the wavelenght range (190–950 nm). 
The optical transmittance of the films was high (between 80% and 95%) in the UV, 
VIS and NIR ranges. The optical transmittance decreased in the UV region with 
increasing annealing temperature. For the film annealed at 600 oC, the optical 
transmittance until the wavelenght of 510 nm in the visible region decreased by 25% 
compared with that of the film annealed at 450 oC. On the other hand, in the 
wavelenght range (510 – 700 nm), the transmittance of the film annealed at 600 oC 
was higher than the film annealed at 450 oC. This is because that the film annealed at 
higher temperature had higher c-axis orientation and so it had higher optical 
transmittance. Figure 6.8 shows the optical transmittance of 0,8 at.% Al doped ZnO 
films annealed at 500 oC in different ambients. It indicated that annealing ambient 
had a great influence on the optical transmittance of Al doped ZnO film. The film 
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annealed in argon atmosphere exhibited the highest transmittance and the reason of 
this can be that argon atmosphere was completely inert which contributed to form a 
homogeneous film surface.  
0
20
40
60
80
100
200 300 400 500 600 700 800 900 1000
Wavelenght (nm)
T
ra
n
sm
itt
a
n
ce
 
(%
)
450 ºC
500 ºC
550 ºC
600 ºC
 
Figure 6.7 : The optical transmittance spectra of the Al doped ZnO film as a 
                            function of the annealing temperature. 
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Figure 6.8 : Optical transmittance spectra Al doped ZnO thin films annealed in 
                         different ambients. 
Figure 6.9 shows the transmittance spectra of four ZnO films doped with different 
amounts of aluminium. All the films exhibited high transmission in the UV and VIS 
ranges. 
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Figure 6.9 : Optical transmittance spectra ZnO thin films with several Al 
                           concentrations. 
The characteristic optical density bands explained the causes of color due to the 
absorption of sunlight. As shown in Figure 6.10 (a), optical density peak came close 
to visible region with increasing Al concentration of 0,8-1-1,2 and 1,6 at. % in the 
wavelenght of 420, 440, 460 and 470 nm, respectively and also the absorption was 
increasing in these wavelengths due to forming of colour centers. There was a second 
peak for 0,8 at. % Al concentration in the wavelenght of 520 nm and for 1-1,2 and 
1,6 at. % Al concentration optical density bands formed between the wavelengths of 
530 and 570 nm, 580 and 610 nm, 590 and 620 nm, respectively. The absorption was 
also increasing in these ranges of wavelenght. On the other hand optical density peak 
came to close visible region with decreasing annealing temperature from 600 to 450 
oC as shown in Figure 6.10 (b). Because the transmittance increased and also 
absorption decreased in the visible region with increasing the annealing temperature. 
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Figure 6.10 : The optical density graphs of Al doped ZnO films, (a) with  
                      different Al concentrations and (b) with different annealing               
                       temperatures. 
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Figure 6.11 : Optical transmittance spectra Al doped ZnO thin films pre-heated at      
                      400 and annealed at 700 oC in different ambients. 
Figure 6.11 shows the optical transmittance of the films with 0,8 at.% Al pre-heated 
at 400 oC  and annealed at 700 oC in vacuum, argon and nitrogen atmospheres.The 
optical transmittance decreased while the pre heating and annealing temperatures 
increased from 300 and 500 oC to 400 and 700 oC, respectively. The transmittance 
value of the film annealed at 700 oC in vacuum ambient was the highest as seen in 
Figure 6.11. It was thought, this may be due to that the film annealed in vacuum 
ambient at 700 oC presented more voids than the film annealed in argon and nitrogen 
ambient, which may lead to increase the transmittance. Young-Sung Kim and Weon-
Pil Tai also found that the AZO film postheated at 700 oC had the lowest 
transmittance and they reported more pores formed in the AZO films annealed at 700 
oC [16].  
Also the highest resistivity was found for the films annealed in vacuum ambient. So 
higher conductivity of the films annealed at higher temperatures led to higher 
reflection and so lower transmittance in visible region and it was assumed the 
transmittance was related to the electrical properties. Keh-moh Lin and Paijay Tsai 
also observed the same tendency. They found that the transmittance decreased while 
the conductivity increased and they reported that the optical properties of the films 
are related to the electrical properties [69]. 
There are two types of optical transitions that can occur at the fundamental edge: 
direct and indirect. Both involve the interaction of an electromagnetic wave with an 
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electron in the valance band, which is raised across the fundamental gap to the 
conduction band. However, indirect transitions also involve simultaneous interaction 
with lattice vibrations. Thus, the wave vector of the electron can change in the 
optical transition. Transitions involving no phonons are called direct transitions and 
those involving phonons are called indirect transitions. 
Wurtzite structure ZnO has a direct band gap and the optical band-gap, Eg was 
determined from the the absorption edge for a direct interband transition is given by 
equation 6.2 [10,28]. 
  αhγ = A (hγ – Eg )m/2 (6.2) 
Where m = 1 for direct transition, h, the Planck constant; υ, the frequency of the 
incident photon; and A, a constant depending on electron–hole mobility. 
A value of m = 1 is found to be most suitable for ZnO thin films, since it gives the 
best linear plot in the band edge region [7,10,27,28,70].  
(αhν)2 versus hν were analysed  using the Eq. 6.2.  From the plot, the band gap 
energy was determined by extrapolating the linear portion of the graph to hν = 0. 
Figure 6.12 shows the graph of (αhυ)2 versus photon energy hυ for AZO thin films 
with various Al doping concentrations. The films were annealed at 500 oC in argon 
ambient. The optical band-gaps determined from these curves were listed in Table 
6.4. The optical band-gap of the AZO films exhibited slightly higher value as the Al 
concentration increased from 0,8 to 1,6 at.%. The change in the band gap values may 
be explained by Burstein–Moss effect. At high doping concentrations, fermi level 
lifts into the conduction band. The Fermi level moves in to the conduction band 
when it dopes with Al. Since the states below Fermi level in the conduction band are 
filled, the absorption edge should shift to higher energies. This change in the 
absorption energy levels shifts the absorption edge to higher energies (blue shift) and 
leads to the energy band broadening. 
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Table 6.4: Optical Band Gaps of ZnO film at Different Doping Concentration. 
Al Concentration (%) Optical Band-Gap (eV) 
0,8 3,268 
1 3,294 
1,2 3,31 
1,6 3,328 
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Figure 6.12 : Plots of (αhν)2 against hυ for ZnO films with different Al-doping 
                            concentration. 
Figure 6.13 shows the transmittance of the Al doped ZnO films for spinning rates of 
1000, 2000 and 3000 rpm. ZnO films with the doping of 0,8 at.% were annealed at 
500 oC in argon ambient. When the spin speed increased, it caused lower 
transmittance. This may be due to the change of the structure from porous to firm. So 
it was thought that the films coated at higher spin speed had less porous structure 
[71,72]. 
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Figure 6.13 : The optical transmittance spectra of the Al doped ZnO film as a    
                            function spin speed. 
6.4.1 The Effect of Irradiation on The Optical Properties 
137Cs with the photon energy of 661,66 keV can be accepted as the intermediate 
energy range (100 keV to 10 MeV) at explanation of the principal absorption 
mechanism and Compton scattering for gamma rays. Compton scattering is the 
process whereby a gamma ray interacts with a free or weakly bound electron and 
transfers part of its energy to the electron (see Fig. 6.14). The probability of Compton 
scattering decreases with the increasing photon energy. Compton scattering is 
relatively independent of the atomic number of the absorbing material. Hence the 
photon energy with 661,66 keV of 137Cs radioisotope can be accepted as the 
appropriate energy level to emit the lower energy gamma photon. 
 
Fig. 6.14 : A schematic representation of Compton scattering. 
 63 
The properties of 137Cs radioisotope are shown in Table 6.5. ZnO:Al thin film was 
exposed to 137Cs source. To determine the dose rate, firstly the activity of 137Cs 
radioisotope was calculated by using the following equation; 
  A = Ao . e-λt    (6.3) 
Where Ao is the first activity of  137Cs and it was 25 µCi, t is the passing time since 
the radioisotope had the first activity  and  λ is the radioactive decomposition 
constant depending on the half life of 137Cs. The activity was found 9,25 µCi. Then 
the dose rate was calculated by the equation;   
  D = Kγ . A / r2  (6.4) 
D is dose rate, A is the activity of the radioisotope, Kγ (0,33 R.m2/Ci.h) is gamma 
constant of the radioisotope, r is the distance of the sample from the source and it 
was 25 mm. The absorbed dose of ZnO:Al films were determined as 0,0186 Gy from 
Eq.6.4. 
Table 6.5: The Properties of 137Cs radioisotope 
Radioisotope Kγ  
(R m2 / Ci h) 
A 
(µCi) 
T1/2 
(y) 
Eγ  
(keV) 
Abundance 
(%) 
Production 
Mode 
137Cs 0.33 9.25 30.17 661.66 85.21 Fission 
 
 
                      Figure 6.15 : AFM images of Al:ZnO films annealed at (a) 500 and (b) 550 oC 
                                                in vacuum ambient. 
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Figure 6.16 : AFM images of Al:ZnO films annealed at 600 oC. 
Figure 6.15 and 6.16 were the AFM photographs of the ZnO thin films with the 
doping of 0,8 at. %. It was assumed that  ZnO samples exposed to radiation had a 
smooth and dense surface morphology. Also there were some small pores in these 
samples. Also the films annealed at 600 oC had higher Crystallite size as seen in 
Figure 6.16. 
ZnO with the doping of 0,8 at.% Al thin films annealed in vacuum ambient was 
exposed to radiation. The effect of annealing temperature on the characteristics of 
films is presented Fig. 6.17, Fig. 6.18, Fig. 6.19 and Fig. 6.20 for unirradiated and 
irradiated states. 
0
20
40
60
80
100
200 300 400 500 600 700 800 900 1000
Wavelenght (nm)
T
ra
n
sm
itt
a
n
ce
 
(%
)
unirradiated
irradiated 
 
Figure 6.17 : Transmittance of irradiated and unirradiated films annealed at 450 oC. 
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Figure 6.18 : Transmittance of irradiated and unirradiated films annealed at 500 oC. 
 
0
20
40
60
80
100
200 300 400 500 600 700 800 900 1000
Wavelenght (nm)
T
ra
n
sm
itt
a
n
ce
 
(%
)
unirradiated
irradiated 
 
Figure 6.19 : Transmittance of irradiated and unirradiated films annealed at 550 oC. 
 66 
0
20
40
60
80
100
200 300 400 500 600 700 800 900 1000
Wavelenght (nm)
T
ra
n
sm
itt
a
n
ce
 
(%
)
irradiated 
unirradiated
 
Figure 6.20 : The transmittance of irradiated and unirradiated films annealed 
                             at 600 oC. 
It may be due to the formation and accumulation of radiation-induced defects and 
hence the existence of more characteristic color-centers in the structure of the films. 
The defects were formed in pairs of negative electrons and positive holes. Electronic 
transitions in color-centers may cause absorbance in the UV and visible spectral 
range and so the decrease of transmittance. 
Figure 6.21 showed the AFM photographs of the ZnO thin films annealed at 500 oC 
in argon and nitrogen ambients. 
 
Figure 6.21 : AFM images of Al:ZnO films annealed at 500 oC in (a) nitrogen and  
                         (b) argon ambients. 
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6.5 Electrical Properties 
The resistivity variation of Al-doped ZnO films with different doping concentrations 
is displayed in Figure 6.22. The resistivity first decreased with increased Al 
concentrations. A minimum resistivity of 7,4 Ω-cm was obtained at a doping 
concentration of 1.2 at. %. However, with increase in the Al doping concentration 
above 1,2 at. %, the resistivity started to increase significantly. When a small amount 
of Al is introduced into the film, the Al is ionized into Al3+ and replaces Zn2+. Thus 
one free electron is produced from one zinc atom replacement. The carrier 
concentration therefore increases with Al concentration at first up to 1.2 at. % 
doping. At higher Al concentrations, the carrier concentration decreases because 
increasing dopant atoms may form some kind of neutral defects and these neutralized 
Al atoms do not contribute free electrons.  
It is well known that the n-type conductivity in nonstoichiometric ZnO is due to the 
presence of oxygen vacancies and interstitial zinc. Because the electrical 
conductivity of ZnO is directly related to the number of electrons formed by the 
ionization of the interstitial zinc and the oxygen vacancies will affect the electrical 
conductivity of ZnO. [8] 
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Figure 6.22 : Electrical resistivity variation of the films annealed at 500 oC in argon 
                      ambient as a function of Al-doping concentration.          
However, the increase in the electrical resistivity with further increase in doping 
concentration may be due to a decrease in mobility of carriers caused by segregation 
of dopants at the grain boundary. In AZO films, aluminum was acting as an electrical 
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dopant at initial doping concentration but as an impurity at higher doping 
concentrations.  
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Figure 6.23 : Electrical resistivity variation of the films as a function of Al-doping   
                      concentration (a) annealed at 500 oC in nitrogen ambient (b) annealed   
                      at 500 oC in vacuum ambient.            
 
This can be explained by the formation of neutral impurities such as nonconductive 
aluminum oxide from the extra aluminium atoms. The extra aluminum atoms might 
not occupy the correct places inside the zinc oxide crystallites because of the limited 
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solubility of aluminum inside ZnO matrix. Another particularly important cause for 
the relatively low conductivity is the porous nature of the sol–gel coated AZO which 
facilitates oxygen indiffusion. Moreover, since the ionic radius of aluminum (0.56 Å) 
is smaller than that of zinc (0.74 Å), the excess of aluminum may occupy interstitial 
positions and distort the crystal structure which may negatively affect the electrical 
properties [19].                     
Also the crystalization couldn’t be carried out for the films annealed in oxygen 
ambient as shown in Figure 6.4, therefore these films were not conductive. On the 
other hand the films annealed in nitrogen and vacuum atmosphere had the similar 
tendency with the films annealed in argon atmosphere as shown in Figure 6.23 (a) 
and (b). But the films annealed in vacuum ambient with the pressure of 0,003 mbar 
had the highest resistivity of 0,8.102 Ω-cm and the films annealed nitrogen ambient 
had the resistivity of 17,4 Ω-cm. This implied that post-annealing treatment under 
reduced atmospheres was required to obtain the best conductivity. The oxygen partial 
pressure during annealing treatment should be low enough to activate donors through 
the decrease in the density of neutral impurities, and not only by creating oxygen 
vacancies, and to facilitate the out-diffusion of oxygen without precipitating the 
doping metal. Because it could partly contribute to the decrease in resistivity. 
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Figure 6.24 : Electrical resistivity variation of the films annealed in vacuum ambient 
                      as a function of annealing temperature.          
AZO film resistivities were measured at various annealing temperatures by using a 
standard ohmmeter with two metal pins. Figure 6.24 shows the effect of annealing 
temperature on the AZO film resistivity at a fixed Al concentration of 1.2 at.%.  The 
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AZO film resistivity was found to decrease initially with increasing annealing 
temperature from 450 to 600 oC. The electrical resistivity of the films decreased from 
2,85x102 to 0,82x102 Ω-cm as the annealing temperature increased up 600 oC. The 
electrical resistivity of the films decreases with the increase of the (0 0 2) preferred 
orientation of the film, which is influenced by the annealing temperature [73]. 
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Figure 6.25 : Electrical resistivity variation of the films as a function of Al-doping 
                         concentration annealed at 700 oC in argon and nitrogen ambient. 
On the other hand, the resistivity values of Al:ZnO films pre-heated at 400 oC and 
annealed at 700 oC decreased greatly. Figure 6.25 shows the effect of Al 
concentration on the resistivity of the films pre-heated at 400 oC and annealed at 700 
oC in argon and nitrogen ambients.The resistivities were measured by using a four-
point probe. According to the TG/DTA results (see Figure 6.1) the pre-heated 
temperature of 400 oC was the temperature at which the maximum weight loss could 
occur and it meant that the solvent and organic residuals were evaporated completely 
at this temperature and the annealing temperature of 700 oC was the most appropriate 
temperature because the crystalization could be completed absolutely. So the 
conductivity of these samples were better than the others because the crystallinity 
was enhanced. However the resistivity of ZnO with doping of at.%1,2 Al pre-heated 
at 400 oC and annealed at 700 oC in vacuum ambient was 0,081 Ω-cm and it was 
higher than the other. It was thought the oxygen pressure on the film surface in 
vacuum ambient was more and it affected the crystallinity of films directly. 
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Figure 6.26 : Electrical resistivity variation of the films as a function of spin speed. 
Figure 6.26 shows the relation between the spin speed and resistivity of 0,8 at.% Al 
doped ZnO thin films annealed at 500 oC in argon ambient. The resistivity values of 
the films decreased with the increase of spin speed. As mentioned above, spin speed 
may cause the changes in the film structure. It was thought that less porous structure 
may form with the increase of spin speed from 1000 to 3000 rpm and it directly 
affected the resistivity. 
6.6 Mechanical Properties 
6.6.1 The Adhesion Test 
The adhesion of a coating on the substrate is not only a mechanical property defining 
the bond between coating and substrate, but it also has of particular importance with 
regard to the corrosion protection, since areas of poor adhesion can easily be affected 
by corrosion. For many years the cross cutting is the best known and the most 
frequently used adhesion test method for different coating materials on various 
substrate. The standardised cross-cut test provides a very straight forward method of 
establishing the adhesion quality. Adhesion of transparent conductive ZnO:Al thin 
film on borosilicate substrates was searched due to the different Al doping level that 
was 1,0 at.% and 1,6 at.%. The film thickness was about 280 nm. All the films were 
annealed at 700 oC in argon ambient. Therefore it can be possible to the evaluate 
mechanical properties such as the bond between ZnO:Al structure and borosilicate 
substrate. 
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A Cross Hatch Cutter was used to evaluate the adhesion properties of ZnO:Al for 
quality management. The square ZnO:Al patterns (5x5 cm) were prepared on 
borosilicate substrates to obtain visually demage. The adhesion test was carried out at 
least three different places at the room temperature (23 ±2 oC) and a reletive 
humudity of 50 ±5 %. The cutting tool was held normal to the test panel surface and 
it was made the cuts in the coating at a uniform cutting rate. Then it was made 
crossing the original cuts at 90o to them so that a lattice pattern was formed. The 
centre of the tape was placed over the lattice in a direction parallel to one set of cuts. 
The position of adhesive tape with respect to grid was shown in Figure 6.27 (a). To 
ensure good contact with the coating, the tape was rubbed firmly with the fingertip 
and it was removed as seen in Figure 6.27 (b). It was viewed with the naked eye and 
also a hand lens with a magnification of x3. 
 
Figure 6.27 : Positioning of adhesive tape; 1-tape, 2-coating, 3-cuts, 4-substrate. 
The coating didn’t not broken away from the base material (along the cut edges 
and/or complete squares), and then this result were compared with schematic 
representations in the Standard. The results were evaluated using EN ISO 2409 
standarts as shown in Table 6.6. It was made a classification of adhesion level of the 
coating and determined the bond (%) due to a cross-cut area using adhesion test EN 
ISO 2409. There wasn’t any cuts’ appearance on the surface of ZnO:Al film structure 
at the end of the adhesion test. Edges of the cuts was completely smooth without any 
loss of coating material due to the standart. None of the squares of the lattice was 
detached. Cross hatch cut classifications was determined as zero according to EN 
ISO 2409 standarts. There were not loss of small coating material’s particles and the 
detached from the cuts’ intersections. However, when the tape was removed from 
surface of ZnO with the doping of 1,6 at.% Al, a silverly appearance on the tape was 
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observed. So it can be said that the adhesion of ZnO with the doping of 1,0 at.% was 
better than the other. 
Table 6.6: Determination of Cross Hatch Cut Classifications (EN ISO 2409   
                         Standards. 
 
 6.6.2 The Haze Test 
Haze is cloudiness of a product that is caused by scattering of light. Light may be 
scattered by particless suspended in the substance such as pigment particles or 
contaminants or by an imperfect surface caused by dirt, oil or a fine texture. Haze is 
an importance appearance attribute which can be quantified and then used to assess 
the quality of objects such as liquids, glass, plastics, painted panels, coating surface 
and even metals. Hazy appearance is described as either transmission haze or 
reflection haze. 
Table 6.7: The Transmittance and Haze Value before the Scratch Test. 
Al Concentration 
(at.%) 
 
Tranmittance (%) 
 
Haze (%) 
1,0  89,6 0,4 
1,6  91,6 0,5 
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Table 6.8: The Transmittance and Haze Value after the Scratch Test. 
Al Concentration 
(at.%) 
 
Tranmittance (%) 
 
Haze (%) 
1,0  87,7 6,47 
1,6  86,1 7,62 
Haze test was carried out for the same samples which adhesion test was performed. 
The Haze (%) value due to transmittance was measured at the wavelenght of 550 nm 
as the eye is most sensitive to this wavelength. The results before and after the 
adhesion test were showed in the Table 6.7 and 6.8. The haze values increased for 
both of the films. But ZnO with doping of 1,6 at.% Al had higher Haze value. It 
indicated that more coating lifted from the surface and it also explained the silverly 
appearance on the tape. films [53].  
6.6.3 Taber Abrasion Test  
To determine the wear resistance of Al doped ZnO films, Taber Wear and Abrasion 
Testers was used. The specimen was placed on the turtable and were subjected to the 
rubbing action of a pair of rotating abrasive wheels at weights of 500 g.  
These abrasive wheels were rotated by a turntable on which the specimen was 
mounted and a circle with diameter of 100 mm was formed on the coated surface. 
Ten rotating cycles were performed and it was repeated 10 times. To end the test, the 
surface of the specimen was viewed with the naked eye and there was a clearly 
marked change in specimen appearance. Specimens were compared with a uncoated 
borasilicate glasses. But it was not sufficient reason to end the test. So the 
transmittance and haze values were measured after each ten rotating cycles. Figure 
6.28 showed the circle with diameter of 100 mm was formed on the coated surface 
after abrasion test. 
                      Table 6.9: The Transmittance and Haze Value before the abrasion test. 
Transmittance 
(%) 
Haze 
(%) 
57 1,06 
 
The apparatus of Hazemeter that was improved for Taber Wear and Abrasion Tester 
was used. After the test, transmittance decreased and haze values increased as seen in 
Table 6.9 and 6.10. After the sixth ten rotating cycles, transmittance and haze values 
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didn’t change. Also when it was viewed with naked eye, there was a remarkable 
change on the surface and there was loss in coating. So the film had a low wear-
resistance.  
Table 6.10: The Transmittance and Haze Value after the abrasion test. 
10 Rotating 
Cycles 
Transmittance 
(%) 
Haze 
(%) 
1x 10 56,9 16,4 
2x 10 57,2 16,2 
3x 10 57,4 15,6 
4x 10 57,4 15,4 
5x 10 57,5 12,8 
6x 10 57 13,4 
7x 10 57,9 11,3 
8x 10 57,8 11,3 
9x 10 57,8 11,2 
10x 10 57,8 10,1 
 
 
Figure 6.28 : The circle formed after abrasion test. 
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7. CONCLUSIONS 
Following conclusions can be drawn according to the results of this study: 
1. The (0 0 2) diffraction peak intensity had a tendency to decrease with an increase 
in doping concentration in all films. So the 0,8 at.% aluminum doped ZnO thin film 
had the highest (0 0 2) diffraction peak indicating preferred grain growth along the (0 
0 2) plane.  The intensity peak of the film annealed at 450 oC was weaker than that of 
the film annealed at 600 oC, which means that the film annealed at 600 have better 
crystal quality than the other. So the c-axis orientation along the (0 0 2) plane 
increased with increasing post-deposition heating temperature. Also the 
crystalization could not be carried out for the films annealed in oxygen ambient. The 
films annealed in argon atmosphere had the highest intensity of the (0 0 2) diffraction 
peak this because argon is completely inert.  
2. Optical transmittance of all the films was high (between 80% and 95%) in the UV, 
VIS and NIR ranges. But the optical transmittance decreased in the UV region with 
increasing annealing temperature. The films annealed at 600 oC had the highest 
optical transmittance because that the film annealed at higher temperature had the 
highest c-axis orientation. All the films with the doping of between 0,8-1,6 at.% Al, 
exhibited high transmission in the UV and VIS ranges. ZnO with the doping of 1,6 
at.% Al had the highest optical band gap energy. The optical band-gap of the AZO 
films exhibited slightly higher value as the Al concentration increased from 0,8 to 1,6 
at.%. When the pre-heating and annealing temperature increased to 400 and 700 oC 
respectively, the optical transmittance decresed.  
3. The photon energy 661.66 keV of 137Cs radioisotope was convenient to evaluate 
the optical changes on ZnO:Al thin films. Absorbed dose of the film with 0,0186 Gy 
caused the increase the optical transmittance of Zn:Al thin film with the increase of 
annealing temperature from 450 to 550 oC. On the other hand it caused the decrease 
the optical density of the film annealed at 600 oC.  
4. The best conductivity was obtained for the films pre-heated at 400 oC and 
annealed at 700 oC. 400 oC for pre-heating and 700 oC for annealing were the most 
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suitable temperatures to remove organic residuals and to carry out the crystalization 
completely, respectively according to the TG/DTA results. Also argon was the most 
appropriate atmosphere because there is no oxygen pressure. The doping range of 
0,8-1,6 at.% Al showed the same tendency for all conditions of annealing 
temperatures and ambients. ZnO with doping of 1,2 at.% Al had the lowest 
resistivity.  
5. The thickness of Al doped ZnO films decreased mildly with the increase of 
annealing temperature from 450 to 600 oC. However the change of the film thickness 
depending on the annealing temperature was not considerable. Also the thickness 
decreased as the spin speed increases from 1000 to 3000 rpm.  
6. ZnO with doping of 1,0 and 1,6 at.% Al exhibited a good resistance against the 
sctrach. So adhesion resistance of coatings to separation from substrates were so fine 
even though a silverly appearance on the tape removed from the film with doping of 
1,6 at.% Al. Also after the sixth ten rotating cycles, transmittance and haze values 
didn’t change. It meant that the film wore completely. So wear-resistance of Al 
doped ZnO films was weak. 
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